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PREFACE

This Seminar is held as a medium by which there may be a free

exchange of information regarding explosives safety. With this idea

in mind, these minutes are being provided for your information. The

presentations made at this Seminar do not imply indorsement of the

ideas, accuracy of facts presented, or any product, by either the

Department of Defense Explosives Safety Board or the Department of Defense.

D. G. HOECH
Captain, USN
Chai rrnan
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These proceedings are published for information as an

accommodation to the participants at the Seminar.

The Department of Defense Explosives Safety Board cannot

accept responsibility for the correctness of those papers

which have been directly reproduced from copy furnished

by the authors.
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-WELCOME

Colonel Alton W. Powell, USAF
Chairman

Department of Defense Explosives Safety Board

Good morning, ladies and gentlemen. I am Colonel Alton Powell, Chairman,
Department of Defense Explosives Safety Board.

It is with considerable pleasure that I welcome you to our Twentieth
Explosives Safety Seminar. It is good to see so many friends and familiar
faces. Since it is the mission of the DDESB to keep informed of conditions
affecting safety wherever U.S. titled ammunition and explosives are found,
I have traveled extensively during my three years as Chairman. Thus I have
met many of you on your home turf and become aware, first hand, of the
problems and concerns you must deal with day-by-day. Hith the onslaught
of the electronic/computer age, we are able to solve many problems of
yesteryear, but new problems have arisen; how far are we to permit the
computer to control production/manufacturing processes, test and operate
weapon systems, etc.? Concessions have been made with respect to quantity
distance requirements for insensitive high explosive substances and
articles. How much more relaxation should be permitted? Should the tools
of the systems engineers, such as risk analysis be used more in the
explosives safety decision making process? Some people think so. There
are many more problems/questions that face us today which are demanding
answers. That is one of the important reasons for holding this seminar:
to provide you (hopefully) answers to some of your questions~ but, more
than that, this seminar is being held to stimulate you professionally by
providing you avenues to knowledge with which to aid you in seeking
solutions not provided here. Solving your problem will make our nation's
defense posture not only safer but stronger. With world events as they
are today, that should be foremost. I, therefore, challenge you to use
this seminar as a vehicle for solving your problems and answering your
questions. We encourage you to fully participate. I believe our program
will make you want to do just that!

Let me now introduce the current members of the Explosives Safety Board.
Colonel Bobby Robinson is the Department of the Army Board Member.
Colonel Robinson is Chief of the Chemical Division, Deputy Chief of
Staff, Operations and Plans. Unfortunately Colonel Robinson could not be
with us today. In his stead we have Department of the Army Alternate
Board Member, Mr. James Coakley. Jim is on the staff of the Army Safety
Program Director. From the Department of the Navy, Captain Virgil E.
Strickland Jr. Virgil is Head of the Ordnance Materiel Management Branch
in the Office of Chief of Naval Operations. Regrettably also, Captain
Strickland could not be with us today. In his stead we have Department
of the Navy Alternate Board Member, Mr. Carlo Ferraro, Jr. Carlo is
Head of the Explosives and Nuclear Weapons Safety Section in CND. From
the Department of the Air Force, Colonel Jim Mcqueen. Jim is the Chief
of Weapons Safety, Deputy Inspector General, Headquarters Air Force.



I would also like to particularly welcome several of our professional
friends in the audience from other countries: from France, General Toche
and General Roure: from the United Kingdom, Air Commodore Robinson.

At this time, it is my pleasure to introduce our keynote speaker,
Dr. Sharon B. Lord, Deputy Assistant Secretary for Equal Opportunity and
Safe ty Policy.
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I am delighted to be with you here in Norfolk today. This is a wonderful
opportunity to meet the people who are in the forefront of the continuing
effort to control the awesome but indiscriminate destructive power of the
explosive materials and devices upon which we rely for the defense of our
nation. That this is a matter of international concern is attested by
the large number of persons here representing other nations. We weleome
all of you and hope this will be a mutually beneficial experience. Our
common cause of protecting life and property from the harmful effects of
accidents involving ammunition and explosives is certainly one that all
nations can support.

Apart from sincere humanitarian concern for the safety of our personnel,
DoD has a most vital concern for the prevention of all avoidable mishaps
in terms of readiness to perform our national defense mission. Every
man or woman, military or civilian, who is incaoacitated and every piece
of equipment or system accidentally damaged or destroyed diminishes that
readiness. Accordingly, an essential element of overall DoD policy is:

To protect all DoD personnel from on-the-job injuries and
occupational illnesses

To protect DoD material resources from accidental damage
or destruction

To protect the public from possible hazards associated
with DoD operations, and

To comply with applicable safety and occupational health
regulations which Federal or State regulatory agencies promulgate.

Because of the inherent hazard potential of ammunition and explosives,
in no other element of the overall DoD safety program is it more
important that these policies be effectively implemented. For that
reason, as well as the fact that this is an explosives safety seminar,
I will focus on that aspect of the Dod Safety Program.

In consonance with the Administration's and Secretary Weinberger's policies,
we in office, Secretary of Defense are working to ease excessive regulatory
burdens wherever possible; to move progressively from micro-management
toward more general oversight and evaluation of bottom-line results, and
to use our influence to support safety management initiatives of the DoD
components. We are acutely aware that being a responsibility of management,
safety policy is subject to the same threats to good management as any
other function, and safety is perhaps more critical. If other management
techniques are grossly inefficient, time and money are lost and perhaps
an enterprise fails. If our management of safety is bad, lives are lost.
Knowing this, there is a natural tendency to overmanage--to write standing
operating procedures rather than policies, and specification-type rather
than performance-type safety standards. There is that fear that if we at
the top do not think of every possibility and provide for it, an accident
may happen and a life may be lost. Noble as the intent may be, we can't
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think of them all and, by attempting to do so, we stifle initiatives
at lower levels that are likely to be more effective. Many of these
1nitiatives are the direct result of knowledge gained and ideas spawned
by these biennial explosives safety seminars.

We fully realize that our safety program has to be a balance between one
that provides for total protection of life and property and one that per
mits operators to conduct activities in a "laisse-faire" manner without
considerations for preservation of life and property. A proper approach
to safety is a reasonable application of safety principles that enhance,
not inhibit, operations. The guarded interests of both safety and
operations can be served by establishing an awareness of safety principles
in oper~tors_that results in preservation of assets and creates a safe
working environment that increases worker efficiency. To accomplish this
in the area of explosives safety, DoD has published ammunition and explo
sives safety standards that, when applied with general safety principles,
will provide for containment of the accident and reasonable protection
for life and property.

\,)
The objective of our explosives safety program is to provide maximum
protection against injury to personnel and damage to property consistent
with operational requirements. Toward this end our goals arei

J:J ./
_ To eliminate unnecessary risks to life and property from

the harmful effects of accidents,
''':J - --.
:, To make safety
, and operations

~. To insure that
for ammunition

To eliminate deviations from ammunition and explosives safety
~. standards that are not essential or are not justified on the

basis that the increased risks are insignificant in comparison
with the cost of achieving compliance.

We are making progress. Improvements in eXPl~ves safety have occurred
through. reductions of exposure of personnel and property both inside
and outside installation boundaries. The greatest emphasis has been in
reducing or eliminating exposure outside installations where we have no
control over development and encroachment is likely to occur. Encroach
ment on DoD explosives facilities has been a problem and many installations
cannot make maximum use of existing explosives storage structures because
to do so would endanger life and improved property located on non-Federal
land. A serious explosives accident with effects off-base may result in
not only loss of life and property, but also credibility for DoD. Without
elaborating on this, I am sure you can see the many damaging ramifications
of such an accident. -
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Other recent achievements of note are:

Gains have been made in reducing exposure inside installation
boundaries through new construction projects and restriction
of storage and operations.

DoD ammunition and explosives safety standards have been extended
to cover chemical agents and ammunition, and worker protection.

Knowledge about model testing has been gained through comparison
of model scale tests with results of full scale tests of like
structures in the distant runner series of tests at l~ite Sands last
fall.

Criteria have been developed for testing and hazard classifying
insensitive high explosives substances and articles containing
insensitive high explosives.

Increased efforts by the services to insure that all construction
projects involving ammunition and explosives receive complete safety
review and that new facilities are sited to provide long term
protection against encroachment.

Despite these improvements in explosives safety, there is still much to be
accomplished. The DoD explosives safety program must be a dynamic flexible
program that can adapt to changes in explosives technology, weapons technol
ogy, and explosives weapon storage and employment requirements. To this
end, the DoD will be undertaking a critical review of explosives safety
standards to ensure they are "state-of-the-art" standards. Expansion of
these standards may be in order to ensure all significant hazards have
been properly addressed. Consequently, we will review the standards for
completeness. Our explosives safety surveys will continue to seek out
problems and identify practical solutions. We look. to the DoD components
to accept the challenge of our goals and will seek evidence of positive
action in our safety program oversight reviews and evaluations of bottom
line results. With your help we can succeed. We ask no more--we can
accept no less.

I've looked at your program and I find it quite impressive, both in
terms of subjects covered and the expertise of those participating. I
am certain that no matter what your specific explosives safety interests
are, the next three days will afford you the opportunity to explore
them profitably--I wish you every possible success.

Thank you.

_. ~ ,'__ ~ ~_ ",__ W_T __ : .__ .. ~~__ ..._. ~.__ ,------.< •__~~ .... ,__,:- _.__ : ~, '''- . .... ._-.--". ,. - . - -<__._. -_-; ,.W: _~ _ •• ,_,., •__, ~--

I

r
~,
r•
i
E



, ' ... __ -:.....--. ....~"""._eo-._~__~, __ ,,_ .~ __....... __ .__~, _. O,,_~. ~. _ • __

ADDRESS

by

AIR COi{u~ODORE FRANK ROBDrSON .

;,linistry of Defence

Chairman Jefence ~xnlo8ives Safety Authority
Chairman Explosives Storage and Transport Committee

Vice-President Ordnance Board
London, England

at

Twentieth JeDartment of Defense 8XDlosiv~s Safety Seminar
iTorfolk, Virginia

Augus t 24, 1982

7



.'

THE ti;FFECTS OF THE HEALTH A.L'l'D SAlj'im ATNORK ACT, 1974, ON
MILITARY EXPLOSIVES SAF:.'I'Y i\lANAGEi.IENT IN T:i£ UNITED KINGD011

GOOD MOillJING, LADIES AiI/D GENTLErJEN.

I A;\1 INDE8D HONOURED TO ADDID;SS THIS DISTINGUISHED GATHErUNG OF

EXPLOSIV2S SAFE.TY EXPERTS [1ERE TODAY. ;I,rY THAll1CS THGR~FORE TO THB

DFJ'ARTff::JfT OF JEFEN3S &''U'LOSIVSS 3AFS"'I'Y BOARD AND TO COLOiIEL ALTON

PO .7ELL FO R DrVITnlG i\~E TO SPEA..'<:.

MY SUT3JECT TODAY IS T:-IE EFF~CT OF TIE HBALTH A.ND SAFETY AT· "ORK

ACT, 1974 ON MILITARY SXPLOSIVr:;S SAFETY j,!AHAGa.m'JT IN THE UNI'Fal

KINGDOM, AND, IN PARTICULAR THE FORMATION OF THE DEFENCE EXPLOSIVES

SAFEl'Y AUTHORITY (DE;SA). THE HSI7 ACT FOR THE VERY FIRST TIME,

GRANTED THE OVERALL RESPONSIBILITY FOR MONITORING EXPLOSIVt;S SAFETY

IN THE UK - INCLUDING SPONSORSHIP OF THE NECESSARY LEGISLATION - TO

AN L"fDE:PENDENT BODY CALLED THE rlliALTH A.'ID SAFETY EXECUTIVE (HSB:).

SO THE MINISTRY OF DEFENCE, BY THIS ONE ACT, LOST ITS SOLE CONTROL

OVER LlILITARY EXPLOSIVES.

HO'tV DID THE 1974 ACT COidE ABOUT? WELL IN 1972, 'l'HE GO VERNi,'!,,"NT

OF THE DAY roRMED THE 'ROBEN I s COM:HTTEE' TO SEE HOW THEY COULD .3HING

TOGETHER THE HASSIV3; REGULATIONS AND ACTS THEN EXISTING - SUCH AS THE

EXPLOSIVES ACT, THE FACTORI8S ACT, MDTES ~rv lUARRIES ACT, OFFICES,

SHOPS Ai~ RAILWAY PREMISSS ACT, BUILDING REGULATIONS, AND SO ON -

\mICH ALL IMPOSE HEALTH AND SAFm'Y DUTIES ON PEOPLE AT WORK, AND

S/IEEP THEM UP UNDER THE UMBRELLA OF ONE ALL El>1BRACnW ACT. THE OUT-

COJ'I1E OF THIS STUDY liAS TRE INTRODUCTION OF THE 1974 HSW ACT.

THE OBJECTIVES OF THE ACT ARE TO:

a. SECURE THE HEALTH, SAFEI'Y AND \iBLFARE OF PEOPLE AT WORK.

b. PROTECT THE GENERAL PU3LIC AGADTST RISKS TO THEIR HEALTH

AND SAFETY ARISma OUT OF WORK ACTIVITIES.

c. CONTROL THE KEBPrnG AND USE OF EXPL03IVES OR HIGHLY

FLAW.1ABLE OR OTHERWISE DANGEROUS SUBSTANCES A!.'ID G:2;NERALLY

PRt.."""'VENT PEOPLE FROM UNLA'liFULLY HAVING AND USING SUCH

SUBS'rANCES •
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d. CONTHOL TH':: R.SLEASi~ IIJTO TH8 ATMOSPHi;RS OF NOXIOUS OR

OFF~\SIVB SUBST~~C~S.

THE ACT E:SrrABLISH~D TWO tfEW BODIES UND.r~R THL ~l1:CRETARY OF STATE FOR

::::'~LOY1\ENT; TIll!: HEAL'l'H A.'D SAF:i:TY COT.tUS3ION (HSC) AJ1"D THE HEAL'!'H AND

SAF~Y ~CU'rIVE (HSE) , Ia ORD:::H TO :>HOiJOT8 'l'H.c.: O.i3J~0TlVES OF THE Acrr

fUm TO E:NSUR£ I'l'S ?ROVISIO~S WErlE :D1FL.b;:'th:.ffl'ED.

THE 'LBALTH AND SA~' 'frY cmrnSSION CONSISTS OF A l"ULL-TIMB CHAIRMAl~

!u'ffi BET ,'i,8 !;::}J SIX AND NUfJi: PART-T~::E !,l.b1-iBb.:RS, ALL OF WHOil1 ARE APi)OINT:crl

BY 'mE; S8CR~1'A.'iY OF srfATS ~"'Oi{ .l::;,l?LOY'''8NT (8 OF s). THS S OF S IS

R.E~UIJ.;:;.D 'ro CO!~SULT ~1.:_PLOY8r{S' ORGANISATIONS ABOUT THREE ME!JBERS,

]:;i.1!:'LOYESS I JRGANI3ATIO~S i.e. THE TRADE UHIO}IS, ABOUT THREE OTHER

1.!~:j[3~~S AND LOCAL AUTHOH.ITI8S MJD OTH..:.:R APPRO?RIATE ORGANISATIONS,

INGLUDIUG p ROF~;SSIONAL BODES, ABOUT THE REST.

THB CQ;..l\11 SSION I s DUTlb:S INCLUD.l:: r HOMOTING THli: ODJECTlVES OF THE ACT,

CARnYING OUT ANTI E~JCOU~tAGING RESEARCi1 AND TRAliH~~G INTO 3A}'~TY, i'aOVIDI~G

AN INFORMATION AI-ID /WVISOH.Y SE~VIC~ AN,C ADVISI:i~G TH.2: GOV.c;fu'flil~T OP ANY

H~ULATIONS UND8R THE AC'r.

T:1E I1SALI'H A.."I:0 .-3Mi:.TY i.<.;XECU'rIVE C;Oil"SISTS OF THR~ FULL-Tli~ ,,12::'.1B:~il.S,

',nro Mill Ai>J?OIN1'ED BY THE: HSC PLUS A SUh'Ot'(TING STAFF.

Tal!; ~XECUTIV8 I s DUTIBS INCLUD~ illAKING ARRAi\[G~'iIL:NTS iOH ~l.<'OrlC~.;::.J.'iT

OF THE LJaSLArrION, INITIATING ~L~\i L:;,<.;ISLA'rION AND CAdRYING OUT OTHER

'l'ASKS GIV'"c..'N rro IT BY THE I..:OiA::.rSSION. IN ?tl.AC'frC8, \~Sli; CARRTti:S OUT 'l'RE

:JAY-TO-DAY ':IOUt;: jJ::i;C~SSA:1Y TO .SNABLI1 'rHE COMLISSION TO rERl''OHl~ ITS

YUnCTIO.;S. TO;)O 'r-~IS, IT ~AS SIX H3P~;G'rOi{AT';;S ...;OVERING AGRICULTUM,

ALKALINS AND CL~~~ AIR, l'~?LOSIVBS, FACTORI~, ~I~S k~D 1UARRIES ~ID

tJU CLiAR INSTALLA'I'IONS. T:1EitB ARE ALSO ?OLICY BRA2ICil8S, A Rb;Si:A,tCI!

iH'JISION ?LUS OT~~E~ STMF TO ENABLE IT TO eArtHY OUT '!';li'; CO~L:ISSIOH's

l"UNCrrIO!~ s.
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TODAY ,,:/1£ SHALL CONCERN OURSELVES .VITH THE INS?8CTOHATE OF c.:XPLOSIVES,

AJ.~D 'l'J{i; CHA.~GES ~'w'HICH HAVE OCCURRED IN THE MOD DE:FENCE STRUCTURE IN ORTI.8R

TO CAT:3R FOR THE D1PLICATION~ OF THE 1974 HS}I ACT.

AT l'HE RISK OF BORING 30~t,E OF YOU BUT FOR THE BENEFIT OIt' THOS:!:!.: HOT

CONVERSANT '.7ITH THE Lr.< MILITA..IiY bXPL03IVES 3AF",'TY :.IAHAGS.:21'I'l' SYST.iLM:,

PlIo:ASB ALLO'\'j t.lE TO D'"ELL A l'm:t~NT ON ~ HISTORY OF 'rHE ORGAHISATION.

;iE STAaT WAY 3ACK IN OCTOBER 1874, ':iHE..~ A TRAIN OF SIX LIGHT .BARGES

'::AS PASSING ALONG THE RillENTS PARK CANAL IN LONDON. LET r,lE NO',i'~UOTE

FROM THE ILLUSTRATED LONDON NE.'iS DATED 10 OCTOBER 1874.

"AMONG THESE BARGES WAS 'I'HE UNFORTUNATE TILBURY ,'IHOSE CARGO

CONTAIlfli'.wD SUGAR, nUTS, STRA,'iOOARDS, COFF~, T.lO OR THREE

BARRELS OF ?E..'TROLEU'iJ AND ABOUT FIVE TONS OF GUUPOi'lDER.

THE PO','iD.2a \;'AS ElT ROUT~ TO :;;TOTTINGHAJVi FRO:;1 TfP": ,iALTHA11 A,BBEY

:.11LLS, E3JEX. THE TILEU ~1.Y,:AS DI HECTLY lJ:'IDER TEJ:t.: lilACCL.:i;SFI2.LD

ROAD 3RIDGE :I1IElI, BY SOME '.I~A.,.~S WT'"aPLAINED, 'l'HE ?O,iD~H. CAUGI{T

FIRB ~TD THE WHOLE ',lAS BLO:iN UP. THE 13RIDGE:iAS 1~,;l:rrI2SLY

DES'rHOYED: Sii;iURAL OF THE KEIGHBOURING HOUSSS '/iERE :IALF-

RUD;ED, TH:2:I!t ROOF'S A.!TD riALLS B:;;mG GdEi,TLY D1JURED, AND IN

HUN]Rb'DS OF OTHER HOUSES, A MILE EA3T OR ,/"2;ST OF Till:: .PLACE,

T:IS IIPIDO',j;, ';iSR!£ BHOKE;N, A1ID 1.lANY F~AGILE AHTICL;;S OF

FUlliHTURE. I

LST ~,~ ADD FOR THOSj!; Iwr:::;R8STED ilT TAKING TE3.AAL'I INTO ACGOUHT "lllliN

CALCULA'l'DTG SAF.2:TY DISTANCES THAT AS THi;; IL1USTRA'1':SD LON"DON N.i~',',S GOES ON

TO SAY:
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"IT MUST, HO'iiEVER, BE CONFESSED THAT THE EFFECT OF SUCH AN

SXPLOSION MIGHT HAVE B;~ MUCH \~RSE, IF IT HAD T~ PLA~E

IN A TUNNEL AMIDST TH~ CROVffiED BUILDINGS OF FINSBURY OR

PENTONVILLE, OR A'I' AlIT pom ,;1UilRb:, AS IN KENTISH TOWN, THE

SURFACE OF THE WATER IS NEAR THE LEVU. OF THE ADJOINING

STRBETS. TH~ FRAGlIiENTS OF THE BARGE Am> L:ARGO '.'iOULD, IN

THE LATTBR CASE, HAVE BESN HUR.I3D RIGHT AND LEFT, A HUNDRJED

YARDS' Ot{ MORE WITH TERRIBLE FDHCE AND EFFii:CTJ INSTEAD OF

."HICH THBY 'Iih:RE :.\oSTLY CONFIN~D TO 'r1-rB DESP CUTTING OF THE

CANAL."

'rBB RESULTANT PUBLIC OUTCRY UD TO THE PARLI.&:.i~"J"T OF TIrii: DAY

PASSING THE ~LOSIVSS ACT, 1875. HOV~VER IT ~AS SAID AT THE TIME

BY TH~ EDITOR OF TaE ILLUSTRATED LONDON HE'liS, THAT:

"SUC!{ CASUALTIES AS THAT OF FHIDAY :,10RlHNG N2;VER HAPi'J::N

IN CONNSCTION.iITH EITHER THE ARMY OR THB NAVY, BECAUSE

THE STORAGE AND CONVi!.'YA.''WE OF GUNPOWDER FOR AL'JD BY EITH8R

ARB ALWAYS COUDUCTED UNDi:!.:H THE 8TRICT~1' RillULATIONS."

THIS DOUBTLESS LED TO SECTION 97 OF THE ACT, \~REREBY THE CROtIN WAS

~~;;·.lPTED, A...~m THE SECRl?I'ARY OF t>TATE FOR DU'&'iCE WAS E;\I.PO\\'~tiliD TO

MAKE REGULATIONS FOR TH~ ~AF8 COHDUCT OF :~ILI'l'A.H.Y t!:XPLOSIVES AFFAIRS.

l'UIS tIAS REI.1AINED SO, RIGtlT UP TO TH8 PASSING OF TRE 1974 HS;; AC'l',

..:t~N, D!c;SPIT~~ ?Li<:A::3 FOR THE: CmJTINUANC~ OF TI{~ C10WN EB.lPTION, NO

SUCH aEl.iPTION l,iAS GRANTSD, ANTI, AS I SAID SARLIER, :WD LOST ITS

ABSOLUTE CONTROL OVER ITS OWN EXPLOSIVgS AFFAIRS.

AFl'ER :~RLD ~AR I, THE CONTIlWING EXP~1SION OF EXPLOSIVES

ACTIVITIES IN THE UK, ~3U1TING lRm! THE roIDIATION OF THE RAF, THE

COr-.""'i'INUANCE O}o' A LARGE NA\fY A.i\TJ) Ani.'':Y PLUS AN INCREASING IES8ARCH,

D~~LO?t,j8NT MID :,:!J.'WFACTURING CAPABILITY, LED TO THE DECISION THAT

SOME C8NTRALISi!:D BODYiAS NEEDED TO INFLm~CE F~AGr;,~rr OF THE

11



"..HLI'rARY::xPLOSIVE3 SAFt:TI'Y FIELD. SO, IN 1925, THE 6XPLOSIVES ;;3TOrlAGb:

AND TRAJ.'ISPORT COi.i:UTTEE (ESTC) WAS FORMBD. EV~R SINCE, THE ESTC HAS

13~EN THE llliAJ.'iS THROUGH VffiICH THE S OF S FOR DEFSNCE HAS DISCHARGED T~

RESPONSIBILITIES DELEGATi'"J) TO HIM BY THE 1875 EXPLOSI11SS ACT.

TO FULFIL 1'1'8 ROLE, 'l'RE BASIC TASKS OF THE ESTC, liHICH AID; INTER-

RELATED AND FOLLO'.: IN A LOGICAL PATTERN, ARE AS FOLLOviS. F'IRSTLY,

HAZARD CLASSIFICATION OF EVERY imNITION BY TEST, OR A.aALOGY TO E-RBVIOUS

LIKE IWNITIONS - T;-r~ paUlE TAS;(, FOrt, FRO]J THIS ALL OUR OTHER ';IORK

FOLLOWS - AND, LI~ OTHER NATIONS, 'fiB HOI;: FOLLOli THE UN CLASSIFICATIONS

AS PU3LISHED IN 1970. SECONDLY, T:IE COM:~ITTEE FOR!!lULATES AJ.'ID ISSUilS

THE PlUSCRIPiIONS FOR ?.XPLOSIVBS '.~UAJ:lTITY DI;;iTANCBS. T:IIRDLY, THERE

IS THS FO~IULATION AJ.'ID ISSUING OF ?R8~CrlIPTION~ COV~RTIiG THE

CONSTRUCTION OF EXPLOSIVES STORAGE BUILDINGS, TRAVERSES OR 3ARRICADE~.

FOUl'iTHLY, IS THE RAISING OF 3TATUTORY IN::>TaUiiSNTS (SIs") REGULATING

THE ~·!OVElI'1ENT OF :~!UNITIONS; THERE ARE, AT PRt;S&:~T, THnEli] SUCH SIs,

COVERING POHTS AND HARBOURS, ROADS Aim RAIL.

TO COVER THESE TASKS THE iilSTC HAS A NUi.lB.i1R OF SUB-CO~illHTTBES, EACH

CO:LPRISING EXPERTS IN A PARTICULAR AREA. TH8SE COilI,UTTBES ARE ADDED

TO OR DISBANDSD TO SUIT PHEVAILING CIRCU;,ISTMWES.

THE PLACE OF T:..:r~ ESTC IN THE U''{ OiiGJill"ISATION FOH :C:XiLOSIVES SAFETY

IS S:J:OWN ON THIS SLIDE. FOR MILITARY EX?LOSI'r.:;s THii; CLOSE ASSOCIATION

. BET','1E8N THE E3'fC J..ND THE ORDNANCE BOARD (OB) IS DEPICTSD (nr ?';CT THE

CHAIRMAN OF THE ESTC IS ALSO A VICE-PRESIDENT OF THE OB).

THE D.1PORTAHT FACT TO BEAR IN MIND IS THAT THB E5TC, IS AN

INDEPENDENT BODY. IT OiiES ITS ALL:sGIAi:fCE TO THE :HNISTRY OF D8FENCE

(MOD) BUT NO'f TO THE I:JDIVIDUAL SERVICES. IT ALSO GATHERS ITS

INFOR\fATION ArID ADVICE FROM PE:RSONS BOTH ','iI'l'HIN AUD OUTSIDE THE ~.10D lUID
I

INCLU'JES iJillBERS OF THE HSB ON I'rs MAIN Aim SOME OF ITS SUB-COMNiITTEES.

12
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THE NUB OF THE RELATIONSHIP WITH~OD STAFFS IS THAT WHILE THE ESTC

PREPARES ADVICE AND THE MOD STAF'FS INVARIABLY TAKE NOTE OF IT, THERE IS

NO~ OBLIGATION FOR STAFFS TO OBSERVE OR ENFORCE ESTC PRESCRIPTIONS.

THE n~DIVIDUAL SERVICE AND PE ELEMENTS OF MOD WRITE THEIR ovm EXPLOSIVES

REnULATIONS BASED ON lliTC PRESCRIPTIONS AND ARE SEPARATELY RESPONSIBLE

FOR ENFORCEMENT.

HAVING LOOKED AT THE PAST, NOW LEI' US SEE \VHAT CHANGES ARE NECESSARY

IN ORDER TO MEET' THE H?}~UIRD.~OOS OF THE 197J+ HSW ACT. HERE IT IS

n,~PORTANT TO BSAR IN MIND THAT TH8 HSC HAVE THE POWER,M1D THE INTE}nION,

TO l!]o!!BARI{ ON A COM?L~E jllODBRNISATION OF E:XPL03IV.s~ LA'!, INCLUDING THE

REPLACEl;!~ OF THE EXPLOSIVES ACT 1875. FU~1.THER, IT IS THEY vmo ARE

NO'N E,lPOW"ERED ';iITH ISSUING TI-ill SIs COVERDJG THE STORAGE AJ.'ill TRANSPORTATION

OF 1£XPLOSIVES - BOTH FOR CIVIL AND !.~ILITARY USi!lS. FINALLY,. THEY ARE

RE~UIRED TO OVERS}~ THE ENFORCEM~T OF ImD' 6 SXPLOSIVES R.2XiULATIONS

THROUGHOUT THE SERVICE DEPOTS, STORAGE AREAS, RESEA....i.CH ESTABLISHJASNTS AND

THE ROYAL ORDNANCE FACTORIES (vmICH STILL IAAINrAIN THE MAJOR MILITARY

EXPLOSIVES r~&~FACTURING M~D FILLING FACILITIES IN TH~ UK.) SO, UNLIKE

TH8 S3TC, '.'lInCH IS AN INDEPBNDENT ADVISORY BODY WITHOU'l' AlIT SXECUTIVE

AUTHORITY, THE HSE IS ~~ ~IFO~CING AUTHORITY.

EV.lliR SINCE Tm~ PASSING OF THE 1974 HSN ACT, DISCUSSIONS ANn

NEGOTIATIONS RAV~ FOLLOW8D CONCERNING THE B~ST JAY THAT lISE SHOULD TAKE

ON ITS NE','j ROLE IN THE MOD SXPLOSIV"2S AREAS. THE OUTCOME OF THSSE

N~GOTIATIONS ~AS THE FOffiiATION ON 1 JANUARY, 1982, OF THE DEFENCE

EXPLOSIVSS SAFt~Y AUTHORITY (DESA). ITS AIM IS THE PROVISION OF

r,1AC!UNERY TO ASSI5T '.'IITH THE MONITOaING OF MOD Ex.eLOSIVES AREAS TO

EJiJSURE COMPLIANCE ,11TH THE HS:J ACT. IT IS A FORUM IN \7HICH CONFLICTS

BET'iiEEN DEFSNCE H?8RATIVE3 kill THE OBLIGATIONS OF Tm:: HS',7 ACT Atill OTH:::R
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LEGISLATION ':IILL BE RSCONCILED. IT imST 01Tl!,;RS~ THE PROVISIONS FOR

HEALTH AND SAFETY· L'f.J' MOD EXPLOSIVES AREAS, AR.:uNGE FOR AUDITING OF

TH~SE PROVISIONS AND GIVE GUIDANCE ON E..'iFOHCE:~ POLICY \iRBRE THIS

IS NECES;jARY.

DESA IS UADE UP OF FOUR DISTINCT BARTS ~ACH HAVING A DEFINITIVZ

ROL~ TO PLAY:

a. A MANAGEMENT COr.sHTTEE COi,1PRISING l'HE: DlrtECTOR GE..'rE;RAL

IlG/HSE AiJD 'fHS ?E.illdAil~T UNDER. ~iCa:.:TARY (2nd PUS)/i,:OD.

b. A C&'l"TRAL CO~t:.iITTEE ',';'HICH REPORTS TO THE 1IANAGE:,lliNT

CO::'LHT'rEE ,':ADE UP OF 2XPERTS IN SXPLOSI1[2;S ?OLICY A.lIT>

'f:::C:fNOLOGY FRm~ MOD AHD HSE.

c. T:!E INTSRNAL I~TSP~CTORATE OHGANISArfION 'I/HICH ALRSADY

ZXISTS WITHIN !>lOD UNDER THE CO!.l\WID OF DEPAfm'IiENTAL CHIEF

INSPSCTORS kill ':i:{ICH RESPONDS TO THE CEl-TTRAL COMMITTEE

'l'HROUGH THEM.

d. AN' AUDIT TEM.! WHICH IS UNDER THE COMMAND OF HM CHIEF

INSPECTOR OF EXPLOSIVES HSE AND VlliICH RESPONDS TO THE

CENTRAL COMMITTEE THROUGH HIM.

TH~~ MANAGEMENT COMllITTEE,'iILL ?HOVIDE A GENERAL OVERSIGHT OF THE

\1O:ll<: OF DESA. IN ADDITION, IT WILL TRY TO RESOLVE Ai'ff i.I.AJOR

DISAGREs:..:'ENTS r,~-nC:H iilIGHT A.1tISE B.c.~iVEEN ;,tOD AND HSE IN 'rHE CONDUCT

OF HS·,'I AFFAIRS.

'T!{E CENTRAL CO;.li'!iITTEE IS CHAIRED BY THE VICE-.i?RESIDBNT OF THE

O.:tDNAIl'CE BOARD WHO IS ALSO CHAIR'JiAN OF THE BSTC. 'EB VICE-CHAIRl>iAN

IS T:iS HSAD OF SX?LOSlVE3 ?OLICY AT TILE HS~. T:-IESE TWO POSTS

ROTATE A.1ortfUALLY. :..1EMBERS~IP IS D~jm FROM TH3 CHIEF TIIJSPSCTORS OF

::xPLOSIVES OF THE 3 S~RVn:E:S· A..1ITD THE PROCUtill.1SNT;;XSCUTIvr.:::, PLUS !1M CHI8F

INSt'~TOR OF ~xri,OSIVES ass ('"'trIO IS THE DESA CHBF AUDIT INSPECTOR),

14
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TOGETHER ~VITH REPR:!;S'&'fTATIVZS FRO:'! IN'l'i:RE3'1'ED dOD Dl~ART:l~l~ri'S kill Tllli HSE.

ITS iESPONSIBILI'rU::3, COVER:

a. IN'l':tODUCING PROC8DUH.i~ Tr-lRJUGH TH~: :\mDlm~ (IF ? RESC RIi'TIONS

ALLOWING DESA TO PEHFOill'\ ITS FmlCTIm~S UilD~R TIlE AG:lilE'fcENT.

b. AGtt.SEP~G S'I'ANDA:tDS 1<'OH. \,XM.?LIANC.c: \HTH TH~ HS.~ ACT RE'WIR,E.;.

l"-Swrs IN ;.~OD EXPLOSIV8S ARSAS.

c. H:::VIE','HNG THE PROGSDU&;S FOR CONCESSIOilS AGAHIST THE AJJBLD

SAF'E'rY S'l'ANDARDS.

d. ACiREEING DESA "IONITORING F~OGRAr.l ..iliS AHD RE;G~;rVING aE.PORTS

FHm.1 T~{E D~--,pART:\LSNTAL Cl{I.:";}\' mS,e~;G'rORS A...~D THE CHIBF Ir~SPEGTOR

OJ<' AUDIT.

e. :t8CSIVING AC-:IDJ:.:~rr AND i)&.'IGEHOUS OCCUilli..&fCB .:t~~POnTS AHD

TlB R.8SULTS OF BN~UIHIE;S INTO arLOSI VB IHCIDEN'l'S.

f. RESOLVING DIFFICULTI8S ARISmG OU'l' OF CHO':IN ~TOTICli: ACTION.

SXPLOSIVES AND THS HIPLICATIONS Ol" SUCH LillISLATION m~ DBSA

STANDARDS A.:.m JEFSlJCE IM.?~H.ATlVES.

h. LIAISON ',lITH T:It:: ~,;s'rc.

j. ?H.ODlJCIl~G AN AN'NUAL REPOHT FOR TIlE i'.1ANAGE;\:EHT COi,l;.:ITTEE.

rr:1~: DAy-'rO-DAY CO;,;?LIANC2 OF Ti{£; HS,;' ACT m ACCORDA."JC~ 'SITH 'l'HE ST~mARDS

lfSSDS TO:

:,10D INT~imAL DS?:XTIOi~S 3Y !l,GR8f1.lENT.
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b. CONDUCT SAF3TY AUDITS IN ~OD CONV£~IO~A1 SX?LOSIVES AH~AS,

USING AGrlE8DSTANDAFillS,';fITH A RS2!G3SjrrATI~ OF TiC IlI'l'SR}JAL

LiS?~CTORATE m A~T&VDkIJCE.

d. COLmUCT OR ?AHTICL?Nyt: IN ACCIDSH'r/n~CIDE:fI' IliVESTIGATIOiJS,

AS CON3IDER"3D AP?RO?RIAT'E 3Y THE CrUEl mSP:O=CTOR OF AUDIT.

s. LNESTIGATE CQ;,i.?LAINTS ABOUT Di!,;FIGlmCIES IN" HEALTH, AND

SAF~}l'Y •

f. w:B.1IJ NO OTHER ACTION IS POSSIBLE, TAKE &'H''ORCIlJG ACTION,

l3Y S~RVIi\G CRmiN P~OHIBITION, OH IMPROV21ilZNT ~J01'ICES, AGAIH:::lT

lmD ESTA:BLISHi.l!:l{'rS A.,."{D CONDUCTING £l rlOSSCUTION ACTIOlJ, IF

N":CESJARY. AS YOU CAN ,'lFLL IMAGIN'.:i:, THIS LATT'BR POINT HAS

Bl.!3N AN AREA OF GREAT CONCERN TO THE i,;OD FOR IT :Li\.S V2.RY ,iIDE

COHNOTATImJS AND LlPLICATI01{S ON THE;iAY Wi:, lill" THB SEliVICES DO

ou~ JOB. HEVERTHEL2.SS, IT HAS .3EEN AGRr'~D rr!IAT T:£ HSW ACT ':lILL

no'r TAo'S ?RECELlElJCB OVER THE SErlVICE DISCIPLDE AC'TS MID' IT :iAS

TO IE R;,;::comnS:~DTHAT 'I'~ SAFSTY Of' T1E MAUl IS TO BE COJSIDl~!BD

THE PAEtAi'.IOUNrr 1<' AC TOH• FUEtTllER:.;OM, IT :IAS JE3N A:}itEl:;.D 'rEAT rr:rs

HSE :lAS NO mT~JTION OF' 2ROSECUTING AN nJDIVIDUAL CIVIL SERVAHT

Iii 3ULlSTITUTION FOR HIS DE?ARTX21)T. TRE HS; '.'IOULD ONLY

iJ H.OS3CUTE Ali I:mIVIDUAL CIVIL Sc;RVANT i',TRE:U T:{B;RE ISiILFUL OR

:i...2Cia.r~ss DISah.'GARD OF IE:A1'rH OR SA.?S'I'Y rU~UIIi.s:,it<:iTTS. ,,'lITH

S~HVICE;1EN T'iiE SERVIC:SS '!iOULD USB THEIR O"W ...·J;iErtS TO D:;:;AL ,',ITH

:i)ISCI?LIJARY CEARGES Aim ONLY IN VEtiY ::;XCE:?TIOliAL CIRCUMS ~'A,':iCS3

!d:J ',iI~:1 THE APi:'20VAL OF THE ::;Alf.';'Gb;I~;NT C01~,':IT'1'£1!j i'J'OULD CIVIL

COURTS BE INVOLVBJ.
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FiliALLY, THE AREA THAT WILL BE COV"~RED BY :JSSA. WITH RESPJi:CT TO

BO'I'H STANDARDS AND &'fF'0ttCE]\1ENT, WILL BE IN THOSE j\~OD CONV~TIONAL

EXPLOSIVES AR6AS COVERIrW 11A.'fUFACTURE, PRODUCTION, S'l'ORAG£, L:08VEYANL:B,

RESB:AHCH, D~VSLOPM2tJT, PROOF AND TRIALS. IT\'iILL NOT BE R..bSPOl~SI.BLE

:FOR:

a. EXPLOSIVSS HELD READY FOR OPERATIONAL USE, IN HI\! SHIPS

AND R..f<'As, IN ARMY OPERATIONAL UNI'rS OR IN rlAF AIRCRAli"T OR

;:)'l'OCKS DISFERS@ TO SQUADRON OP8RATHG AREAS IN A RBADY-FOR

USE STATJ::.

b. A;\1:,lUNITION AND ~XPLQSIV"i:S B~ING USt~D FOR OPBRATIONAL

'l'HAINING PUHPOS,e;S llY O.?BHATIONAL UNHS Oil. TRAINING

SS'l'ABLISihdJTS.

c. STA'I'IC ESTAilLI SW~ ~,~NTS DU FlING Pl~RIODS \v:-[t;N TH~"'Y ARE;

SUPlOR'fING OPe;RATIONS OR DUHIN\; I.:OBILISATION BXe,;RCIS8S.

NO'r.c:: Il::3E I s RESPON::3IBILITISS COliICI':RNI1'l"J VISITING .ii'OrtC~::3 ARB AT PR.t::SENT

UND:':':R INVESTIGATION BUT IT IS ~NVISAGED THAT DESA ',!ILL TltSA'r

THE:I,; IN 'l',It: SAJ,:~ liAY AS T'-lF;Y DO THE UK Sr.;HVIC~S.

SO IN SU!i';',:IN'J. UP ,:;HAT HAS rl&N llHE t.:FFEOT or"'" TH~ HSIV Ac'r 1974,

O;! TH~ UNITED KINGDOM t.;ILI'rARY l0:PLO~IVE3 3Al<'~'l'Y 1,IANAJE:'t~,;NT ArlEA;

a. rr~{S :,rJOST L,IiORTANT, ALTHOUGH IT,',ILL BE A LONG TIM~

8:<~FORE IT TAh.'ES EFF:<:;0T, IS THAT A..l'J OUTSIDE OODY, TH~HS~,

IS NO~'I rlliS?ON3I13LiI: l'""Qq :~AISIHG THe; L~GISLA'rION, THAT IS THE

SIs, OONCERNING THE :,':Ai'!Ul"AL:l'UitE, 3T(')RAG.2: AND THAi~SPORTATION

3Y ROAJ, :.J~ AND AIR Or' i,lILITARY ":Xl)L03IVc.~ \'lITHIN 'rHli: UK.

!O,,~Vt:R, IT IS STILL ';;:,VI:3AG'~D 'fHA'r TW: ;·:s'rc :,', ILL PLAY A

'':.;JO:l, I'A:tT IN Tl.f8 INI';{,)l)UC'rION OF SUi.:Il Lc.:GISLA'~'ION.

b.1'f!:!~ nDIVI:JUAL S::;8.VIC;:; AND FE ~;''\iLJSIV'::S Ii~Sh;CTORA'l'J!.:S

"ILL lK) LO~C t;H :1L': 3'::;L:<' Ai.:COmrrWG. T;!~ DESA A.UDIT

H1Sf';~Gr20RSJILL It! FUTUH.B ;:OlH'l'OR 'l':lEIR ,;OrG.
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',-HAT HAS ~mT CHAN'G'2::D, A.:r.o ,',ILL lIaT CSANGI:;, IS THAT THE 01' ~l1ATIOljAL

SIDE OF TlU: S:;RVIC2S '.[ILL R5:,iAIN S012LY :JiJuER 'I"riE CONTROL OF TFf.c.. INDIVIDUAL

S~RVIC'~S AND WILL, IN 1'10 WAY B:i INFLU~~NC::;D '3Y THE ~SC Ott 'l'HE ~ms.

i'lOR1'~, DURING PSRIODS OF T:::HdION, P;'l.OVLHON HAS 3-S.i::iJ ;'M1E :FOR 7IL~ 3~iNICj~S

TO ~AV8 CO~?LETS ER2~~O~ OF ACTION.

BEFOH": COlJCLUDIliG, YOU :':AY ::E.LL ASK ,,'IIA? IS T~{8 FU'l'URS OF TIb .:c.:STC.

':rC::L:', I FOR£:CAs'r THAT ONc:E :;)2SA HAS R:::S?ON3I3ILITI:i:S 1''OR BO'I':-r JUCLl'..AR .~m

CWVElJTIOlJAL I\rSA?O~JS, 'rHE ~SI'C in:j'l'~' \\,h;LL ,~E SUJSU'!ED IN'fO BEING i'AH'r OF

FOil., ',iTCH 'i'Tlli HS.£ ::J2IH,} :UJSPOl:;SBLE FOR ALL UK

l --

~:Xi'LOSIVES I LSGISLA1'ICN, ?LUS ITS AUDrfD:iG FUHCTION, IT IS ONLY LOGII~AL

T:1AT GIV~n TD~:S, T:-IE D.t:,lAND JILL CO:,'iE FOR THS 3TA.:.,;DARDISATION OF T:m :,:OD

EX?LO.3IVES itSGULA'rION:5 ':;:-IICH CiHU8NTLY ARS IN 4 V3RSIONS (ALL DIF'lt'~,tE]Yr)

FOR TJE: aN, ARIlY, RAt' AND i'E. ONC~ T'!IS S'I'A.imARJ)ISATIO~ij IS .ilCHB1{.:::l)

TH~ :r::XI' ST,~,iILL BS TH~ LSGISLATIOH OF .::;;;yrc .I?tl~;SCrUPI'IONS - ',~"t{IC::I ARE

CU:lRSl~TLY ADVISORY O~lLY. THE ;'iAY TO DO THIS:JILL 3E UNDER THE i,lANTLE

OF DESA. qO .. lEVER, THIS IS LOOKING A LONG,iAY A.l.fEAD.

IN CONCLUSION, MAY I SAY THAT IT IS EARLY DAYS Y~,FOR DESA WAS ONLY

FORMED IN JANUARY OF THIS YEAR, BUT I RillAIN CONFIDi::NT THAT SAFETY IN THE

UK MILITARY ::;xFLOSIV:sS AREA CAll ONLY BB SN'rlANCED BY THESE NEW iilEASURES,

\'["111£, AT THE SA1\1E TIM8, THE O?EiiATIOHAL ROlli OF THE Sb;RVIC'::;~ TOUi:.'T}ll::R

WITH DEFENCE TI.~~ERATIVES, ',I1LL IN 1m ',VAY Illi J £OP ARDISED. IND~ED, IT IS

MY rlESPONSIBILITY, AS THE CHAIRMAN, TD EN3UR3 THAT THIS RB::~";INS SO.

'rHWi'C YOU.

IIBRITISH CROWN COPYRIGHT. Not to be reproduced ...!ithout permission

from the Controller, Her Britannic Majesty's Stationery Office. 1I
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'~ INTRODUCTION AND SUMMARY

--, The U.S. Army Toxic and Hazardous Materials Agency is preparing to
demilitarize the U.S. inventory of munitions containing the incapacitating agent B2. As
employed in the munitions, B2 is blended with an energetic pyrotechnic mixture. The
mixture is 50% B2, 23% KC103, 9% S, and 18% NaHC03. In normal functioning, this
mixture is ignited along central core holes in the munitions and reacts over a few tens of
seconds to produce an aerosol cloud of B2. However, upper limit theoretical calculations
suggested that this mixture could potentially be detonable, but it was not known if actual
detonation could occur. To facilitate selection from among five candidate demilitariza
tion concepts(I) it was desirable that the detonability of the munitions be established. To
this end, a series of experimental tests as described in this paper was conducted. These
tests gave conclusive evidence of non-detonability•

."---,,
The potentially most detonable item in the B2 inventory was selected for

detonability tests. This is the bomblet with the largest continuous diameter, 72 mm of
B2-pyrotechnic mix, the Ml38. This bomblet also has the thickest steel walls, 3 mm, for
radial confinement. The MB8 is comprised of 4 individual M7 cannisters loaded inside a
steel tube casing. An individual MB8 bomblet is one of 57 packed in each M43 cluster
munition. As such, adjacent M138s in the close-packed array could provide a full-length
additional 3-mm steel radial confinement along 6 line contacts with the MB8. Therefore,
the MB8, fitted inside an additional close-fitting steel tube with 2.3 mm wall thickness
(neare,st to 3 mm thickness available), was selected as the configuration for detonability
tests. ~ Proof of non-detonability of this item would constitute proof of non-detonability of
the en'tire B2-containing munition inventory.

The test configuration included a full munition diameter donor explosive
charge of composition C-4 in firm contact with one end of the munition. The primary
indication of detonability was from dynamic instrumentation, epoxy potted into the entire
lengthu-oof the core hole, which showed the steady decay of the input shock velocity to
sonic ·vatues as the shock progressed down the munition. Examination of the munition
remairi~ provided a secondary indication.

The tests were conducted in a sealed blast containment chamber inside an
igloo at Pine Bluff Arsenal. A pilot plant incinerator, previously qualified for destruction
of B2, was used to dispose of the B2 released during the tests.

Of .17 tests attempted, 14 tests provided detonability data. In two tests
the munitions self-ignited during heating to the original target preheat temperature of
105 C. This self-ignition resulted in lowering the preheat temperature to 80 C on
remaining tests. Data from the third test were lost due to an equipment malfunction. To
provide the broadest possible sampling base, the tested munitions were drawn from all of
the efght manufacturing lots from which M138s had been downloaded from the original
M43 cluster configuration. These lots were judged to be reasonably representative of the
total inventory on the basis of available lot charaCterization data. Seven tests were
conducted at ambient temperature and seven were conducted after preheating the
munitions to 80 C. Four of the ambient temperature tests were conducted on munitions
"inerted" by immersion in a water-plus 0.01% Avirol-ll3 wetting agent. The B2
pyrotechnic mixture was ignited by the shock wave in most tests, although one or more of
the O.I-m M7 canisters remained intact in half of the tests.
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There was no significant difference in the observed shock decay between
inerted, ambient live, and preheated live munitions. The average shock wave travel,
above the apparent sonic velocity of 2.0 mm/microsec, was 115.1% 8.5 mm thro-lgh the
munitions for all tests. A shock travel of 130 mm above 2.0 mm/microsec was observed in
a similiar detonability test on a mockup which contained no reactive ingredients. These
results, together with the recovery of intact portions of the munitions in many tests, are
conclusive evidence for non-detonability of the munitions.

The body of this paper is organized into four major sections following this
introduction and summary. Section 2 describes the technical approach, the background
for selection of the detonability test configuration, the basis for selection of test
conditions, and the basis for interpretation of the results obtained. Section 3 describes
the specialized experimental apparatus used for these tests. Section 4 presents the
experimental procedures used and the results obtained. Section 5 lists conclusions from
this work.

2. TECHNICAL APPROACH

2.1 Background

The process of detonation can be described as a supersonic compressive
shock wave driven through a reactive material by the energy released in the Chapman
Jouguet (C-J) reaction zone immediately behind the shock wave. The adiabatic heating
associated with the shock compression of the material triggers the chemical reaction(s)
responsible for the energy release. Immediately behind the shock wave, the particle or
mass velocity is in the same direction as the shock wave velocity. The mass velocity,
pressure, and internal energy decay behind the shock wave front. The energy released
behind the shock wave front can contribute to driving the shock front only in the zone in
which the energy transfer speed (the sum of the local sonic velocity plus the mass
velocity) is"equal to or greater than the shock velocity. As the mass velocity, pressure,
and temperature decay behind the shock front, a limiting boundary is reached where the
energy transfer speed drops below the shock velocity. The shock wave and this boundary
define the C-J reaction zone. Chemical reaction may continue behind this boundary and
can contribute to the total energy released during explosion but cannot influence the
detonation (or shock wave) velocity. In a uniform charge of constant cross sectional area
and confinement along its length, a steady detonation velocity is normally achieved in
which the energy released in the reaction zone is equal to the energy required to drive the
shock wave (the energy required to shock compress the unreacted material).

However, at the lateral surfaces of the charge, a portion of energy
released in the reaction zone is also expended in the production of lateral mass velocity
components and resultant lateral expansion of the charge. This energy is lost for the
purpose of driving the detonation front, but must be included in the energy balance which
determines the detonation velocity. Because the ratio of lateral surface area to reaction
zone volume increases as the charge diameter decreases, the fraction of energy lost
laterally increases with decreasing charge diameter. This effect can lead to a decreasing
detonation velocity with charge diameter because the energy required to drive the shock
front decreases with shock velocity. With decreasing shock velocity, the shock pressure
and induced temperature rise also decrease. These decreases lead, in turn, to a generally
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exponential rate of decrease in chemical reaction rate. The detonation velocity does not
decrease below a certain level which depends on the detailed characterics of the reactive
material. Instead, a minimum diameter (the critical diameter) is reached below which a
sustained detonation is not possible.

Because the critical diameter arises due to lateral energy losses from the
reaction zone, the critical diameter of a given reactive material also depends on the
lateral confinement of the charge. Thus the critical diameter for a charge inside a
confinement tube is less, perhaps much less, than for an unconfined charge.

In sufficiently large charge diameters, many energetic materials such as
gun and rocket propellants can be detonated. These materials are not commonly referred
to as detonable materials because their critical diameters for a sustained detonation are
simply larger than are normally prepared and/or no sufficiently large initiating shocks (in
magnitude and cross-sectional area) are available to start the detonation process.

2.2 Selection of Test Configuration

The determination of the detonability of the material of interest here, i.e.
BZ-pyromix, from a practical viewpoint need not be an absolute determination, but rather
a determination of detonability under the combined conditions of m.<:Lximum existing
charge diameter and lateral confinement. Within the BZ munition inventory, these
conditions are fulfilled by the M138 bomblet packed into the M43 cluster munition, see
Figures 1 and 2.

The array of 19 Ml38 bomblets through a cross-section of an M43 cluster
might be considered to form an equivalent diameter larger than a single M138 from the
standpoint of critical diameter for detonation. However, a deflagration-to-detonation
transition (DDT) must occur over a diameter at least equal to the critical diameter to
deve~op a self-sustaining detonation. Thus, if the critical diameter is greater than the
diameter of a single MB8, but smaller than an M43, a DDT must occur siTDultaneously in
three or more contiguous M138s. A DDT in a single M138, being below the critical
diameter, could not occur and an induced detonation wave in a single MB8 would be
quenched•. The likelihood of a DDT occurring simultaneously across the junctures of the
M138s so that the resultant detonation wave was contiguous across the junctures of the
Ml38s appears negligibly small under any conceivable real circumstances during demili
tarization. Hence, we believe that proof of the critical diameter for detonation of BZ
pyrolDix being greater than that of a single Ml38, as confined inside an M43, is sufficient
to support an assessment of non-detonability for all of the BZ munitions.

An M138 inside an M43 is confined around its perimeter by line contacts
with six adjacent Ml38s along its length. The combined wall thickness of the M138 case
and contained M7 canister cases approximates 3 .mm of steel. Hence, a test of an MB8
contained inside a steel tube with a 3-mm wall thickness would provide an over-test of the
confinement provided by the adjacent MB8's in an M43 cluster. Thus the munition
selected for detonability tests was a single MB8 housed inside a close-fitting steel tube
with a 2.3-mm wall thickness, (the nearest standard size to 3 mm).

From the standpoint of theoretical predictions of detonability, the max
imum possible energy release from the reaction of the BZ-pyromix can be equated to the
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energy required to drive a shock wave through the unreacted material. By ignoring lateral
energy losses, the problem is simplified and becomes equivalent to mocking up very large
or well confined charges. A calculational scheme based on the above premises has been
built into a computer program called TIGER.

It should be noted that this calculation cannot predict whether detonation
will or can occur because it cannot be predicted at present whether the hypothesized
reactions can occur rapidly enough to take place within the C-J reaction zone. Thus, this
calculation is a prediction of the theoretical upper limit for the detonation velocity and
pressure within the uncertainty of knowledge of the required inputs to the code
calculation. The TIGER code was run for the BZ-pyromix composition by Robert Gentner
of ARRADCOM(2), Dover Site. The theoretically predicted detonation velocity was 3.3
mm/microsec at a pressure of about 2.5 GPa (25 kbar).

Thus for detonability testing, a donor charge which provides a shock
velocity (and pressure) input to a confined MB8 over its entire cross sectional area in
excess of the predicted upper limit sustained detonation velocity (and pressure) is all that
is required. In the absence of a detonation, the input shock would be expected to decay
along the length of the MB8. The shock pressure would decay from the initial high input
pressure from the donor charge to very low levels. Accompanying the pressure decay, the
shock velocity would decay from high initial values of 5 mm/microsec down to the sonic
velocity in BZ-pyromix. There does not appear to be any sonic velocity data available for
BZ-pyromix. However, based on comparisons with other materials it seems unlikely that
the sonic velocity will exceed 2.3 mm/microsec, and may be appreciably lower.

2.3 Basis for Interpretation of Results

Historically, and commonly, the occurrence of a detonation is signalled by
the perforation of a steel witness plate in close proximity to the charge(3). However, in
the c~e of BZ-pyromix, the predicted upper limit detonation parameters are sufficiently
low that such perforation might not occur even in the presence of a detonation. Instead, a
dual basis for the test interpretation was developed. One relies on instrumentation in the
core hole to measure the shock front position with time (and hence shock velocity by
differentiation) along the length of the MB8. The other relies on visual observation of
the remaining metal parts after the test. In the event of failure of the real time
instrumentation or as confirmation, a post-test examination which shows major parts of
the Ml38 remaining intact, or broken into fairly large pieces, constitutes evidence for
non-detonation. A measured sustained shock velocity in the MB8 near 3 mm/microsec
coupled with fragmentation of the metal parts would constitute evidence for detonation.
On the other hand, a decaying shock velocity to 2.3 mm/microsec which remains below
this value together with some metal parts remaining intact, or only fractured in relatively
large pieces, would constitute a non-detonation. In this context, "relatively large" pieces
means fragments approximate to the length of.an M7 canister and wide enough to span
about one-half the MB8 circumference.

2.4 Test Conditions and Lot Selection

Processes being evaluated for application to the demilitarization of the B2
munition inventory involve handling of the munitions in both inventory condition and after
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inerting by submersion in an inerting liquid. Destruction is expected to occur by burning
off the BZ-pyromix in a heating chamber or rotary kiln, with subsequent incineration of
the evolved BZ vapor or aerosol. Thus it is desirable to obtain data on the detonability of
munitions at ambient temperatures in (1) the inventory condition, (Z) after short (5
minute) inerting liquid submersion and (3) after normal (Z-hour) inerting liquid submersion
for a plant design to withstand detonation effects, if shown to be necessary. Since
heating of munitions is also contemplated, it is desirable to obtain detonability data on
preheated munitions as an aid in assessing the requirements for the heating-functioning
furnace or kiln.

Bomblets which had been downloaded from M43s were available for testing
from several different lots of production. Production testing showed the burning (normal
functioning) rates to vary appreciably from lot to lot. Although there is no known
correlation between detonability and burning rate in the normal functioning mode, the
burning rate data seemed likely to be the most significant data available. Thus Ml38
munitions were selected for test from all available lots, but withreplicatioDS of the
fastest burning and near the slowest burning time munitions available. The numerical
values of this parameter are reported in Section 4.1 on test conditions and lot selection.

3. EXPERIMENTAL APPARATUS

To conduct the planned series of detonability tests, two major items of
equipment were required:

• An explosive and gas containment vessel capable of containing the
detonation of at least 1.5 kg TNT-equivalent bighexplosive and
retaining the gases and aerosol without significant leakage

• A vapor incinerator, afterburner, and water quench system capable of
reducing the BZ content and temperature of gases resulting from the
detonability tests to a level allowable for discharge into the igloo
environment.

The vapor incinerator, afterburner, and water quench system was con
structed to obtain preliminary plant design information as well as to destroy the BZ
vapor/aerosol generated during these tests. The incinerator system was extensively
tested and qualified for the destruction of BZ prior to the conduct of these tests. It has
been described in detail elsewhere,(4)

3.1 Blast Containment Sphere

The blast containment, vessel was modified from a previously constructed,
1.07-m- diameter spherical chamber with an average wall thickness of ZZ.9 mm,(5) For
this application, the original port reinforcing ring and door were replaced by an 0-ring
sealed door externally mounted and secured by a double row of bolts. This port design was
patterned after similar closures which had been qualified for blast containment at Los
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Alamos National Laboratory. Additional penetrations were a high-pressure, l8-pin
electrical lead-through manufactured by D. G. O'Brien, incorporated for heater and
instrumentation connections, and two Swagelok ® high voltage lead-throughs for the
exploding bridgewire detonators. Piping connections for the pressure transducer and for
gas pllrging were made through the door. After modification, the sphere was requalified
by the test firing of a 1.82, Kg spherical composition C-4 test charge, as well as static gas
pressure tests at 2,.Z7 MPa. These tests have been previously described in detail. (6)

3.2, Fragment Restraint Assembly

Figure 3 shows a schematic of a hot detonability test assembly arranged
inside the containment sphere. To provide protection for the sphere interior from
fragment damage, a 0.46-m-length of 0.41-m O.D. pipe with near Z5.4-mm wall thickness
was hung, as shown, on the sphere horizontal centerline. This pipe was specially
constructed of high toughness steel alloy. It was fitted with a replaceable, mild steel
liner rolled from 9.61-mm-thickness plate. The pipe provided the structural strength to
absorb the fragment momentum while the liner absorbed the fragment craters. About
midway through the test series, the liner was replaced as planned, to prevent penetration
of the accumulated fragment craters through the liner.

3.3 Detonability Assemblies

Inside the fragment restraint pipe, the detonability assembly was supported
on the sphere centerline by a thin steel cradle. The assembly shown schematically in
Figure 3 is for a preheated detonability test. At the heart of the assembly is' a specially
instrumented Ml38 bomblet which is described in the following section (Section 3.4). The
bomblet is secured inside a 13-gage steel tube over its full length to provide the desired
additional confinement. This tube in turn was fitted with two separate fiberglass
insulated electrical heating tapes, a main heater and an end compensating heater. Each
heater was controlled with the aid of a thermocouple, hard-soldered to the confinement
tube. The two control thermocouples were connected to strip chart recorder-controllers.
The heaters were powered through variable autotransformers which were adjusted during
heating to maintain the center and end thermocouple at near the same temperature and to
maintain good temperature control once the heating jacket reach...·d the desired
temperature.

The 1.3-lb composition C-4 donor charge was designed to provide a charge
length at full diameter equal to the charge diameter plus a conical lead-in to insure near
planar, axial symmetry of the detonation shock entering the mWlition. For the pre-heated
tests, it was supported inside a fiberglass-reinforced silicone plastic tube, separated from
the M138 by a 51-mm air space during heating to minimize preheating of the C-4. After
the desired preheat, a specially-designed electric gearmotor actuator moved the charge
into firm contact with the M138 just before detonation. The C-4 charge was contained
inside a 0.2,0- to 0.46-mm thick vacu-formed PVC container. This container was
supported by a strong, wooden mold during packing of the C-4 plastic explosive to allow
the production of a fully densified charge of the correct dimensions. After packing, the
thin plastic container provided sufficient support to allow easy handling of the explosive
charge.
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The C-4 charge was detonated by an RP-83 exploding bridgewire detonator.
This detonator was selected to provide safety from stray electrical currents during
loading operations. The exploding bridgewires were fired by a Model FS-IO firing unit
manufactured by Reynolds Products, Inc.

The confinement tube for the unheated Ml38 munitions was identical to
that for the heated munitions. For these tests, the composition C-4 charges were secured
in firm contact with the munitions by the force of several strong rubber bands between
the Ml38 and a specially shaped, wooden block across the base of the C-4 charge.

3.4 Instrumented MB8 Assembly

The Ml38 itself was fitted with a special detonation probe assembly
inserted into the core hole of the munition. Figure 4 shows the detonation probe
assembly. As shown, the assembly was comprised of two 28 ga type K (Chromel-AlumeI)
thermocouples and two detonation probes potted inside a low-density polyethylene tube.
The header assembly served to protect the otherwise extremely fragile connection
between the detonation probes and the coaxial cables used to connect the probes to the
exterior instrumentation.
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Two detonation probes were used in each assembly to provide redundant
information on the position of the shock front (Figure 4). Each probe was comprised of a
0.51-mm-diameter aluminum tube (0.038-mm wall thickness) containing an 0.025-mm
diameter Moleculloy ® resistance wire (0.33 ohms/mm resistance). The resistance wire
was insulated by skip-wound nylon. The resistance wire was soldered to the aluminum
tube at one end and connected to the center wire of the coaxial signal cable at the other.
The aluminum tube was connected to the coaxial cable shield.

In operation, a high pressure shock wave travelling up the M138 and probe
from the originally shorted end progressively shorted out more of the resistance wire by
crushing the aluminum tubing against the wire. Of course, if the pressure in the shock
wave dropped below that required to crush the tube, the probe would cease to provide
position data; at pressure levels near the threshold, the crushing of the tube could be
expected to be somewhat erratic. The circuitry associated with each probe consisted of a
battery-powered, constant current source and a high-impedance measurement of the
variation in voltage across the probe with time. With appropriate calibrations, the
measured voltage could be related to the position of the shock front (as described in detail
in Appendix A). The constant current supply was adjusted to provide -74 mA through the
probe resistance of -121 ohms, giving an initial voltage of -9V. This represents a power
dissipation of - 2/3 Watt so that neglible heating was produced by the probe exitation
current.

The detonation probe assemblies for the ambient temperature tests were
identical to those shown in Figure 4 except the thermocouples were not installed.

To insure that no interference would be encountered during assembly of the
6.4-mmprohes into the M138 munition, each core hole. was optically gaged with the aid of
a small (2 mW) He-Ne laser. fitted with a beam expander which provided a 12-mm
diameter parallel light beam. If the light beam was unobstructed over at least a 6.4-mm
diameter after passing through the core hole of the munition, the probe could be safely
inserted. This optical gaging technique showed that all munitions were safe to insert the
6.34-mm probe.

One detonation probe assembly was potted inside the core-hole of each
M138 bomblet tested. The core hole surrounding the detonation probe was filled with a
low viscosity epoxy resin (Hysol® resin R8-2038 with HD-3404 hardner). The active end of
the actual detonation probes were approximately 1/4-inch, or 6.3 mm, from the end of the
bottom M7 canister. The fuze cavity at the lead end of the M138 was filled with another
epoxy potting compound. (Hysol® C8-4143 resin with HD-3404 hardener). This resin
contains 50% silica filler to reduce shrinkage during curing. Both epoxy resins were pre
checked for temperature rise during curing in the configurations used and found to be
satisfactory. The resultant instrumented M138 was mechanically quite strong to allow
handling and installation into the blast containment sphere for testing. All electrical
leads were pre-connected and potted into a large, 28-pin plug which mated with the lead
through mounted in the blast container wall. Thus it was possible for operating personnel
in Level B protective clothing (gas masks, rubber aprons, boots and gloves) to assemble
and install these highly instrumented assemblies into the blast containment sphere without
recourse to soldering operations.

It should be noted that both ends of the coaxial cables used for the
detonation probe leads were entirely sealed by immersion in epoxy potting. In addition,
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the plug O-ring sealed into the containment lead-through socket. Thus the entire probe
circuits were protected from the short-circuiting effects of the high pressure, ionized air
shockwave generated by detonation of the C-4 charge, assuring against premature loss of
the detonation probe signal from this source.

Another result of installation of the detonation probe assembly was to
provide additional lateral confinement of the M138 by preventing the free expansion of
the reaction products into the core hole, which would normally occur with inventory
munitions. This provided an additional degree of overtest which was necessitated by the
requirement to provide a continuous shock path through solid material from the BZ
pyromix fill to the detonation probes.

3.5 Electronic Data ACquisition Apparatus

A block diagram of the apparatus used for gathering the sphere pressure
and detonation probe data is shown in Figure 5, together with the detonator firing circuit.
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In operation, the shot was fired by a push button on the F5-10 firing unit. This unit,
through the firing module, produced pulse needed to fire the exploding bridgewire
detonator, Reynold's RP-83. At the same time the firing pulse was initiated, a 30-V pulse
was generated which served as a trigger signal for the fast data acquisition system•

.'.

The fast data acquisition system was comprised of two major parts, the
detonation probe and pressure-signal processing subsystems. The detonation probe
subsystem consisted of two adjustable constimt current power supplies and a Physical
Data Inc. Model 523-A2 two-channel transient waveform recorder. This unit provided
4096 digital samples for each channel at 0.1 microsec per sample. After temporary
digital storage in the unit, it was subsequently transferred at a reduced rate, in analog
form to the Smartscope® where it was re-digitized and processed. The plots shown in this
paper were generated directly on the Smartscope plotter.

The internal pressure in the sphere was monitored by a Viatran Model 108
pressure transducer and recorded on the Smartscope where it was sampled over a lo-sec
period with I-msec resolution. The appropriate .calibrations were input to the Smartscope
so that its digital plotter produced the pressure time records directly. .

4. EXPERIMENTAL PROCEDURES AND RESULTS

The detonability tests were conducted in a storage igloo at Pine Bluff
Arsenal, Pine Bluff, Arkansas. This igloo was equipped with a personnel change house,
filtered ventilation system, and the necessary gas and power supplies. It also housed the
pilot scale incinerator used to dispose of resultant BZ aerosol. After initial training, all
munition preparations and test operations inside the igloo were conducted by, technicians
from Pine Bluff Arsenal. Explosive charge preparation, and all handling operations
involving explosive and detonators, were performed by members of the 52nd E.O.D.
Detachment at Pine Bluff Arsenal.

4.1 Test Conditions and Lot Selection

As described in the technical approach, munitions were selected from all
available downloaded lots to provide as broad a sampling base as possible. In addition,
where duplicate tests were possible, they were grouped at the extremes of low and high

. burning times. Table 1 shows the test sequence. As shown, the tests were in four groups.
The first two tests were conducted on "inerted" MB8 munitions. Inerting was done by
immersion for 2 hours in a vertical position in water with 0.01% Avirol-l13 (a wetting
agent), after removal of the sealing tapes from the ends of the core holes. After inerting,
the munitions were allowed to drain overnight in a vertical position, before potting the
instrumentation into the core hole.

The short inerting on the second two munitions was done the same as for
the inerted munitions except the immersion time was 5 minutes.

The third group of three munitions were tested in the inventory condition.
All three of these groups were tested at ambient temperature (-27 C).
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(a)

Table 1. Test Variables for M138 Oetonability Tests

Test Munition Burning(a) Test Conditions
No. LotNo. Time Preparation Temperature

1021- Sees. C

01 35-153 31.2 inerted ambient
02 44-1123 17.0 inerted ambient

03 35-153 31.2 short inerted ambient
04 44-1123 17.0 short inerted ambient

0; 35-153 31.2 live inventory ambient
06 41-187 26.5 Jive inventory ambient
07 44-1123 17.0 live inventory ambient

08 35-153 31.2 Jive inventory intended 105~~~
09 41-11 13 30.7 Jive inventory intended 105
010 35-153 31.2 Jive inventory 74
011 41-187 26.5 Jive inventory 81
012 41-1103 23.3 Jive inventory 81
013 36-160,_ 22.5 Jive inventory 82
0111 44-1123 17.0 live inventory 84
015 36-181 28.0 live inventory 81
016 36-157 21.0 Jive inventory 81
017 41-1113 30.7 Jive inventory 80

.~

Of'all M43s produced, the shortest burn time measured was 15.3 sec. Only
5 lots had burn times less than 17.0 sec. Some production lots burned considerably
slower than the slowest lot available for these tests; five lots had burn times
greater than 40 sec.

(b) Munition functioned during heating.
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The fourth group of ten munitions were tested in a preheated condition. As
shown in Table 1, it was intended to preheat the munitions to a temperature of 105 C.
This temperature was chosen to provide a 5 C margin of safety over tests with an inert
simulant which caused extrusion of the fill(7). The preheating protocol was to heat the
outer shell to the desired test temperature then maintain this shell temperature until the
core temperature reached the approximate shell temperature. During heating of test D8,
the BZ-pyromix ignited after the heater shell had been at 106-107 C for 58 minutes and
the core thermocouples were indicating 75-77 C. No previous ignition of starter mix or
BZ-pyromix at this low temperature had been observed. Hence a second attempt to
preheat to lOS C was made in test D9. Again, ignition occurred before the test
temperature was reached. This time ignition occurred 74 minutes after the outer shell
reached 105-106 C and at an indicated core temperature of 88' C. Ignition of the pyromix
caused the Compositi'on C-4 to bum as well, so that no safety problem occurred. No
detonability data were obtained from these two tests and it was decided to reduce the
test temperature to 80 C.

When the outer shell temperature was restricted to 80 C, the heating time
was too long to allow the core to reach 80 C. Thus test D10 was fired at a core
temperature of 74 C, 2.4 hours after the shell reached 80 C. In subsequent tests, the shell
temperature was raised to 90-93 C to provide an increased thermal gradient to drive the
core temperature up to 80 C. Slightly before the test, the shell temperature was allowed
to cool to near 80 C, so that near isothermal conditions were established.

In test D11, the actuator motor to move the Composition C-4 donor charge
into contact with the MB8 was found to be jammed in an attempt to operate the motor
after preheating. Due to possible safety problems in handling a previously preheated
device, ·the donor charge was fired, aborting test D11.

All remaining tests provided detonability data for the MB8 configuration
tested. However, much of the data obtained was quite noisy, which required the use of
special techniques to extract meaningful data from the records. These data reduction
techniques were carried out on the data as stored within the Smartscope so that the data
plots presented herein were entirely machine-produced.

4.2 Typical Results Obtained

The results obtained from detonation test D7 are fairly representative of
the data obtained from each test. In some cases data from only one probe were obtained
and the. data ranged from somewhat less to somewhat. more noisy. In this section all of
the intermediate steps in the data reduction of test D7 are shown in graphical form.

The graphs presented are:

• Original data as recorded and transferred to the Smartscope

• Conversion of the probe voltage data to shock position data after
application of the basic data reduction constants

• Velocity determined after application of the data smoothing
operations to reduce the noise content
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• Comparison of the smoothed position-time data from the two probes

• Stepwise slope (finite-difference differential shock velocity) of the
position-time data

• Cross-plots of the shock velocity versus shock position data.

Figure 6 shows the original voltage versus time data recorded from the two
probes of test D7. The initial large amplitude ringing noise shown on this record appeared
only after a replacement Physical Data recorder was put in service. It was not possible to
find and eliminate this noise source during the time frame of these experiments.
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FIGURE 6. EXAMPLE ORIGINAL DETONATION PROBE VOLTAGE-TIME
DATA AFTER A MINOR SMOOTHING OPERATION. (TEST D7)
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Figure 7 shows the probe voltage curves after conversion to position-time
data. This step is described in detail in Appendix A. Briefly, the constant current value is
obtained from an auxiliary measurement of the voltage through a known resistance. With
the current known, changes in voltage can be related to changes in probe resistance•
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FIGURE 7. EXAMPLE ORIGINAL VOLTAGE DATA CONVERTED TO
POSITION DATA BY APPUCATION OF CALIBRATION
CONSTANTS AND RESISTANCE/UNIT LENGTH OF THE
PROBE RESISTANCE WIRE. (TEST D7)

Likewise, with the resistance change known, and the probe resistance per Wlit length
known, the shock position can be derived as shown. The deviation between the two curves
at long (200 mm) shock travel distances arises because the low pressure which exists in
this region is unable to produce precision crushing and shorting of the detonation probes,
as it does in regions of higher pressure (smaller travel distances).
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An example of reduction of noisy data by smoothed line construction is
shown in Figure 8. The basis for drawing the smooth line is as follows. In the initial time
region where the data curve is dominated by a ringing-type noise, the smoothed line is
made up of a number of short straight line segments drawn through the average value of
the initial ringing signal period by period. Later, the data was smoothed on the basis of
engineering judgment as to the probable average position of the shock pressure front, with
the guideline that the actual shock front progress has momentum associated with it and
would be expected to follow a smooth line of progress. Of course, the munition itself is
not homogeneous along its length, but is made up of four M7 canisters stacked end to end.
EachM7 has loS-mm steel end closures, separated by a l.G-mm thick plastic spacer.
These discontinuities occur at three places along the munition length, as shown in Table Z,
which also gives the total BZ-pyromix length. The detonation probe records frequently
stop changing with time before the full length of the munition is reached. This means
that the shock pressure had dropped too low to continue crushing the detonation probe
tube.
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FIGURE 8. EXAMPLE SHOWING SMOOTHED LINE THROUGH THE
ORIGINAL POSITION-TIME DATA. (TEST D7, PROBE 1)
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Table 2. Locations of Discontinuities for Shock
Travel Along Ml38 Length

Discontinuity
Location. mm

From Shock Entrance As Plotted

Inside Rear of
1st Canister

Inside Front of
2nd Canister

Inside Rear of
2nd Canister

Inside Front of
3rd Canister

Inside Rear of
3rd Canister

Inside Front of
4th Canister

Inside Rear of
4th Canister

Outside Rear of
4th Canister (End of
BZ-Pyromix Con
tainers)

95.5

101.0

195.1

200.6

294.6

300.1

396.2

397.2

89.2

94.7

188.8

194.3

288.3

293.8

389.9

390.9

Note: The words "rear" and "front" mean the ends encountered last and first

respectively by the shock wave.
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Figure 9 shows a comparison of the two smoothed location - time curves
from test D7. The curves track very well together until near the 200 mm location. This
is after the shock velocity has decayed to the apparent sonic velocity in the material
indicating that the pressures are no longer high.
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FIGURE 9. EXAMPLE COMPARISON OF THE TWO SMOOTHED
POSITION-TIME CURVES OBTAINED FROM THE SAME TEST
(TEST D7)

Figure 10 shows a velocity versus time record obtained by simply taking the
slope of the position time curve at 10-microsec intervals along its length, and plotting this
velocity as a constant over that time period. Figure 11 shows a final plot of shock
velocity versus shock position. This plot is cross plot of the position data from the upper
curve of Figure 10 and velocity data from the lower curve using time as a parameter.
From plots of this type, the determination of shock travel at velocities greater than 2.0
mm/microsec was made. The discontinuities near 200 and 300 mm travel are apparent on
these plots, coinciding with the ends of the M7 canisters.

38



M
M

FIGURE 11.

•••
lrl
on

i
~ 3.

i
g
....
w
>
~ t.'g
%

'"

I.'

'1I1~
··'~.'''-------''''I.-='-------:;I~.•:-------"7::,.---_-1~~•.•

SHOCK POSITION. MM lie!

CROSS PLOT SHOWING VELOCITY DECAY WITH DISTANCE
ALONG THE Ml38. (TEST D7 PROBE 1)

39



4.3 Results

From each final plot, the shock travel at a velocity greater than 2.0
mm/microsec was measured and is tabulated in Table 3. Here, the limiting value of 2.0
mm/microsec was chosen over the initially selected 2.3 mm/microsec value after
examination of the data which showed that the observed velocities generally fell below
this level. (Results using 2.0 mm/microsec versus 2.3 mm/microsec are conservative.)
Occasionally, near the end of a record, velocities slightly over 2.0 mm/microsec were
observed; this was attributed to the irregular performance of the probes at low pressure
levelli. This conclusion is supported by the recovery in several tests of intact portions of
munitions which .came from the same regions where these late velocity excursions were
observed. It should be noted that the shock travel at velocities greater than 2.0
mm/microsec for an simulated non detonable test item(7) was 130 mm, with a very similar
velocity decay curve. Improved data reduction techniques from those used in Reference 7
were used on the current data set. so that the difference between the current data and
the simulated non-detonable item may be less than suggested by the numbers. In any
event, the results obtained from the current tests on live BZ-pyromix were quite similar
to those obtained on the simulated non-detonable mockup item.

With respect to the munition remains after the test, about two-thirds of
the original munition remained intact, with no burning of the remaining BZ-pyromix-filled
canisters in' the inerted and short-time inerted munitions tests. For the non-inerted
munitions, a vigorous reaction of most or all the BZ-pyromix occurred. Although the
entire munition was broken up, many large fragments with areas almost one-half that of a
single canister case remained, indicating that the pressures developed prior to canister
burst were not appreciably above the minimum pressure required to burst them, far below
the predicted detonation pressure. In the unheated non-inerted tests and preheated tests
011 and 012, all canisters were destroyed. In the other preheated tests, one distorted but
intact M7 canister remained, except in test 017 where two M7s remained intact. In test
017 there also was evidence of unburned BZ-pyromix. The bursting of the M7 canister's
Ml38 sleeve and the added confinement tube in these tests due to the reaction of BZ
pyromix was to be expected because the core hole (which normally vents the generated
gases and BZ aerosol) was securely plugged with epoxy resin cast in place.

Both the active instrumentation and the post-shot appearance of the
munition remains confirm that no sustained detonation occurred, nor does there appear to
be any evidence for a fading detonation as would occur with a material which would
support a sustained detonation in a slightly larger charge diameter.

* The difference arises principally in the use of an additional calibration which eliminates
the effect of long term drift in the constant current. It was found after the tests of
Reference 7 that the current provided by the constant current supply slowly drifted up
with time between pre-calibration measurements and conduct of the test. This drift
went undetected in the initial non-agent tests.
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Additional evidence regarding the reaction of the BZ-pyromix was obtained
from the measurement of pressure inside the sphere following the detonability tests. An
example pressure measurement record is shown in Figure 12 for test 07. As demonstrated
in this example, all records showed an initial spike pressure which rapidly decayed to a
more slowly changing pressure, called the initial steady pressure. Ten of the 15 records
obtained showed a small increase to a maximum pressure in a small fraction of a second,
followed by a steady pressure decay to the last accurately measured pressure at 10
seconds after the test.

1.4

1.2

1.1

1112

":..~~.1=--~1'":.1~-·~,1'":.1~---:2:t1.-=1---:3::t'1.~'---:4"1.1~-""slt-:.I~--04,I~.':-----:7::t1.-=I----:."'I."".---:,""I.I"""--.-,,4.1••

S~CONDS I'"

FIGURE 12. EXAMPLE PRESSURE MEASUREMENT RECORD. (TEST 07)
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Table 4 shows a tabulation of the measured pressures from the records as
identified in the example above. Examination of this data shows that the initial spike and
maximum pressures fall into three groups corresponding to the inerted, short-time
inerted, and live munitions. The live munition group includes both the ambient and
preheated munitions mixed together. This grouping is shown graphically in Figure 13. The
separation of these initial and maximum pressures may be taken as an indication of the
fraction of the BZ-pyromix which reacted in the first few tenths of a second. Thus there
appears to be no signifieant difference in the amount of BZ-pyromix reacted during shock
wave passage (or detonation if it occurred) between the ambient temperature live
munitions and the preheated live munitions.

INITIAL SPIKE PRESSURE

r--_.--,:~~~~~~~::;-----r-.~
MAXIMUM STEADY PRESSURE / / /

; : / / Ili:AMBlENT. LIVE
2' INERTED / SHORT INUTED ,,/'
I· J'm ~ m, ~ = PREHEATE.D,LIVE
o _.-----/~.e~~.....,~~~::::::::::J»'~"/:-:;;..=....--/-

~ ~~t.ot.c.y /

/ ~ ""t.~ /
: - /... / / . ~ PRESSURE AFTER 10 SECONDS

~L.J' . Iii. ~_. ---.
_o~ ~~ 60 \:0 10 90 .~ .;0 .ie. 1:0

SHORT INUTED PREIIEATED PRESSURE RISE. PSI
INERTED AMBIENT LIVE

LIVE

FIGURE 13. PRESSURE DISTRIBUTION HISTOGRAMS,
CLASS INTERVAL Z PSI

IDD
(UOI

During the decay of pressure in the first ten seconds, however, the ambient
temperature and preheated tests divide into two groups as shown in Figure 13. Signifi
cantly less pressure decay occurs in the preheated group than in the ambient temperature
group. This shows that the reaction of the BZ-pyromix which remained after initial shock
wave passage in the preheated group was taking place faster during the first ten seconds
than in the unheated group, but by a gradual and progressive process, not a detonation.
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TabJe 4. Sphere Pressure Rise

Initial InltiaJ After
Spike Steady Maximum 10 Sec

Test Pressure Pressure Pressure Time Pressure
No. psi psi psi sec psi

OJ 88.2 69.2 70.9 .J6 40.1

02 84.3 75.0 75.0 40.7

03 94.5 80.0 80.0 48.8

04 101. 5 '90.9 90.9 48.5

05 118.0 108.5 108.5 64.2

06 113.8 107.8 111.6 67.4

07 116.1 108.8 110.0 • 11 65.8

010 119.5 110.4 113.4 .41 83.2

011 121. 4 113.5 114.7 .13 79.4

012 122.8 112.2 114.5 .18 80.8

013 123.3 110.8 111.6 .13 77.8

014 125.4 108.4 109.1 .18 77.6

015 150.0 109.8 109.8 80.1

016 120.8 112.5 113.8 .07 78.0

017 115.6 109.8 111.0 .07 74.8
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4.4 Analysis of Results

The effects of pre-treatment inerting, short-time inerting, ambient or
preheated condition on the shock travel distance at velocities greater than Z.O
mm/microsec was analyzed by comparing the average run distances and standard
deviations between groups with different pre-treatments as shown in the two right hand
columns of Table 3. The standard deviations of groups generally overlap the means of
other groups. It af'~ears that there is no significant difference in shock travel distance
between different pre-treatments.

The effect of lot burn time on the shock travel distance at velocities
greater than Z.O mm/microsec observed was analyzed. Again no significant correlation
was found.

The effect of pre-treatment on the pressures developed within the sphere
and the subsequent pressure decay has been presented in Figure 13. Analysis for
additional correlation of the pressure parameters shown in Table 4 with the measured burn
times for each lot showed no correlation between burn time and any of the individual
pressure parameters.
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5. CONCLUSIONS

Based on the results obtained during these tests and their analysis, the
following conclusions are drawn:

1. The BZ-pyromix contained in the M138 bomblet configuration is non
detonable.

2. The observed shock wave decay in the munitions from the C-4 donor
charge was not affected by pre-treatment inerting by immersion in a
water/wetting agent solution, nor by preheating to 80 C.

3. The observed shock wave decay agreed, within experimental error,
with the observed shock wave decay in a previous test of an inert
mockup munition.

4. No significant correlation exists between a tendency to react during
passage of a high pressure shock wave and munition burn time.
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APPENDIX A

Resistance Probe Data Reduction

The resistance probe circuit is shown in Figure B-1. It consists of the

detonation probe supply circuit connected to the detonation probe and to the recording

device. The constant current supply makes the output voltage to the recording device

proportional to the resistance to ground. In operation, the switch is turned first to

"operate" and the output current is adjusted to make the output voltage near the upper

limit of the recording scaJe being used on the recording device to provide optimum

resolution of recording. Once the current is adjusted, it is not further changed

intentionally. However, in practice the current from the supply remained constant

over short time periods, but drifted slowly upwards over longer time periods, such as

the time between calibration measurements and shot time. To compensate for this

drift, calibration measurements made before the test were adjusted at the time of the

experiments with the aid of the pre-detonation baseline voltage measured from the

actual detonation probe dynamic voltage record.

Three initiaJ calibration voltage measurements were made at the recording

device:

Vol obtained with the switch in the "operate" position,

Vcal 1 obtained with the switch in the "120 ohm cal" position,

and
Vgl obtained with the switch in the "short" position.

These three measurements were made over a short time period to insure against

current drift in the constant current supply. The measurement of VoJ was repeated

after measurement of Vgl. No change in Vol assured that the initiaJ measuring

current I, had indeed remained constant. From Ohms' Law we wrote

VoJ = I R (I)
1 P

Vcal 1 = 11 (Rsw + Rcal ) (2)

Vgl = II Rsw
(3)

where

Rp = is the total resistance in the probe circuit
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A-3

,

Rsw = resistance of the switch contacts and directly associated

circuitry

Real = resistance of precision resistance = 120 11

By subtracting (3) from (2) the unknown switch contact resistance was eliminated, or

at least errors from this source reduced, and an expression for the initial measuring

current was obtained:

(4)

After the shot was fired (switch in operate position), a measurement of the initial,

predetonation baseline voltage, say V02 yielded:

Rp = V02/12 (5)

where 12 = the measuring current at shot time

This expression for R was equated to the value of R from equation 0) yielding:
p p

11 = Vol
I; V02

Finally the value of the total probe resistance is given by

Rp = Rld+rp(L-x)

where

RId is the resistance of the connecting lead wires to the probe

rp is the specific resistance of the probe wire (in the present case

rp = 0.2892 n/mm or 88.15 Mft).

L is the total length of the probe resistance wire

and

(6)

(7)

x is the length of probe resistance shorted out by crushing of the

surrounding tube by the shock wave pressure. This is taken as the shock

wave position which is the value to be determined.

At shot time, V02 from (5) and (7) is given by:

V02 = 12 (Rid + rpL)

and Vs the dynamic value of the signal voltage during the shot is given by

(8)

= (9)
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By subtracting Vs (9) from V02 (8) the unknown probe lead resistance Rid and the probe

total length were eliminated. The resultant expression solved for x:

x (10)

The value for 12 was found from equations (6) and (4) and substituted into (10) to yield

the final expression for x in terms of known constants or measured quantities:

"

x = Rcal Vol (V02 - Vs)

rp V02 (Vcal I - VgI )·

(II)

In practice, evaluation of (} I) merely meant subtracting the time varying signal Vs

from the constant V02 and multiplying the difference by the experimentally derived

constant for each experiment of R I V l/r V 2 (Vall - V I)' (12)ca 0 p 0 c g

The indicated operations were carried out by the signal processing capability of the

Smartscope.
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HAZARDS CLASSIFICATION TESTING

OF

AMMONIUM PERCHLORATE

by

Joseph P. Caltagirone, ARRADCOM
Darl E. Westover, ARRADCOM

Fred L. McIntyre, Computer Science Corp.

ABSTRACT

Based upon laboratory test results, the West German representative to
the UN Committee on the Transportation of Dangerous Goods has recommended
that Ammonium Perchlorate(AP) of all particle sizes be classified as a
Class 1.1 explosive. If this recommendation is adopted it will have a
drastic effect on the transportation of ammonium perchlorate with commer
cial concerns and military agencies. Under current regulations, only AP
with a particle size less than 45 microns is considered Class 1.1 (the
latest DAR COM regulation specifies 15 microns or less). Above 45 microns,
AP is classified as a 5.1 oxidizer. In order to resolve this difference,
a plan for conducting UN Test Series 6 for packaged AP, 200 micron size in
30 gallon, 250 Ib steel drums was developed in cooperation with the JANNAF
Interagency Propulsion Committee and DARCOM Safety Office. This paper dis
cusses the test plan, testing, results and recommendations.

Preceding page blank ss



INTRODUCTION

Ammonium perchlorate (AP) is an oxidizer ingredient used in the manu
facture of composite solid propellants. Under current UN regulation am
monium perchlorate with a particle size less than 45 microns is considered
a Class 1.1 explosive (latest DARCOM reg specifies 15 microns or less).
Above 45 microns, it is classified as a 5.1 oxidizer. The hazards clas
sification of ammonium perchlorate UN No. 1442 (AP oxidizer) has recently
been questioned by the UN Committee of Experts on the Transport of Danger
ous Goods. If classified as a 1.1 explosive, it will have a drastic effect
on shipping with commercial concerns and military agencies. To resolve
this conflict, a series of tests was conducted in March 1982 in accordance
withINTEREG, Transportation of Dangerous Goods, 1981 edition. These
tests were managed by the Energetic Systems Process Division, Large Caliber
Weapon Systems Lab, ARRADCOM and conducted at NASA National Space Technol
ogy Laboratories under the direction of the ARRADCOM Resident Operations
Office (AROO). This paper summarizes the test plan, tests, results and
recommendations. A more detailed account may be obtained from ARRADCOM
Report No. ARLCD-CR-82026, "Hazards Testing of Ammonium. Perchlorate," May
1982.

TEST MATERIAL

Ammonium perchlorate, nominal 200 micron size, manufactured by Kerr
McGee Chemical Corporation, was provided for testing. The package is a
113.6 1 (30 gal) DOT 37A~350 20-gage steel drum with a bolted ring clo
sure. The dimensions of the drum are 0.74m high by 0.49m diameter with
0..8mm thick walls. (Note: This is a heavier gage (20 vs 24) drum. than
required for U.S. shipment of this material. The material was packed in
side the drum in two conductive polyethylene bags with approximately 4.5 kg
(10 lb) of dessicant placed atop the ammonium. perchlorate inside the inner
bag. Gross weight of the drum and contents averaged 119.5 kg (264 lb).

The test plan called for sample analysis to verify particle size
distribution and moisture content of each drum. Particle size distribution
was determined in accordance with MIL-STD-286B and ABTM 300. Two samples
from each drum were removed from the center by a standard core sampler.
The 50 g sample was weighed and placed_on a U.S. standard number 50 sieve.
Number 80, 100, 120, 140, 200, 325 sieves and a catch pan were placed be
neath. All sieves were inserted into a Tyler Model RX-2l portable sieve
shaker for five minutes. The amount of material remaining on each sieve
was weighed. After particle size analysis, the individual samples were
recombined, weighed, then placed in a vacuum oven at ,50 C (16,OF) tempera
ture for two hours at 29 inches vacuum. Each sample was reweighed and the
weight loss recorded as the moisture content, which was specified as
0.00, percent.
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TESTS

The tests required by INTEREG, Transportation of Dangerous Goods,
1981, for determining the hazards classification (Class 1.1, 1.2, 1.3, 1.4)
are:

1. Test Series 6a: Three single package tests
2. Test Series 6b: Three stack tests (5 packages minimum)
3. Test Series 6c: One external fire test (5 packages minimum)

Single Package Test

The:purpose of this test is to determine whether initiation or igni
tion in the package causes burning or explosion and whether burning or
explosion propagates within the package; also, how the surroundings are af-
fected. '

Two series of single package tests were conducted three times each.
For both, a drum of ammonium perchlorate was placed on a steel witness
plate 0.81m X 0.81m X 12.7mm thick (2.67 ft X 2.67 ft X 0.5 in) at ground
level. A Chromed/Alume1 thermocouple was positioned inside the drum 25.4mm
(1 in) above the ignition/initiation source. An additional thermocouple
was fixed to the outside of the drum near the center. The drum was
confined by 1m (3.28 ft) of sandbags in all directions to provide confine
ment as specified in the INTEREG. For the first series of 6a single
package tests, an S94 squib with 56.7g (2 oz) of FFF black powder was
placed in the center of the material as the ignition source. A typical
test setup is shown in figure 1. The second series of 6a single package
tests were conducted using a No. 8 blasting cap as an initiation source in
place of the 894 squib and black powder ignition source.

An additional test, not specified in the INTEREG procedures, was con
ducted on an unconfined drum ignite~ by an S94 squib and 56.7g (2 oz) of
black powder.

Stack Test

Th~purpose of this test is to determine whether andm what way burn
ing or explosion in the stack propagates from one package to another and
how the surroundings are endangered in this event.

It was planned to conduct the stack tests (6b) as shown in figure 2.
Five drums would be placed on ground level with a witness plate under the
donor drum which would be ignited by an S94 squib and 56.7g (2 oz) of
black powder. Sandbags were to be placed around the entire stack 1m
(3.28 ft) thick. Thermocouples would be placed in the donor drum as in the
single package tests.

However, since there was no explosive reaction in the 6a single
package tests, the series 6b stack tests were deleted per paragraph 4.5.5
of the INTEREG.
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, External Fire Test

The objective of this test series is to determine how the packages in
the stack behave when involved in an external fire and whether and in what
way the surroundings are endangered by blast waves, heat radiation, and/or
fragment projection.

One test was conducted as required. Five drums, each containing 113.4
kg (250 Ib) of ammonium perchlorate, were placed on a steel crib 1m (3.28
ft) above the ground surface as shown in figure 3. They were banded to
gether with two steel bands to maintain drum contact during the test. Air
dried lumber, 50.8mm by 101.6mm X 1.5m (2 in by 4 in by 59 in) was placed
beneath the crib in a lattice with a lateral separation of 101.6mm (4 in).
The entire crib was surrounded by the same size lumber to a minimum thick
ness of 508mm (20 in). The entire mass was drenched with 53 1 (14 gal) of
diesel fuel/gasoline mixture (9/1 ratio) and ignited remotely by two
electric matches each with 56.7g (2 oz) of FFF black powder 1800 apart at
the base.

INSTRUMENTATION

The test setup and instrumentation are shown in figure 4. Instrumenta
'~ion consisted of: pressure transducers, thermocouples, heat flux gages,
.motion picture cameras, fiducial markers, and,fragment assessor panels
for the external fire test only.

Pressure transducers in a 900 array were used to measure potential in
cident overpressure resulting from an explosion or partial explosion .
.Jwelve were used for the single package tests from 1.19 to 17.85 m/kgl / 3
13 to 45 ft!lbl / 3 ) and eight for the external fire test from 1.98 to 17.85
m/kgl /3 (5 to 45 ft/lbl / 3 ).

Temperature measurements in the test material using 22 gage Chromel!
Alumel thermocouples were obtained for the single package tests only. One
thermocouple was attached to the outside center of the drum and the other
was in the center 25.4mm (1 in) above the ignitor/initiator.

Thermal radiation data establish the intensitY,duration, and spatial
characteristics as functions of material, size of combustion zone and burn
ing rate to determine the distance at which a value of 0.3 calories per
square centimeter per second from the material is obtained.

Motion picture coverage consisted of three cameras operating at 500
frames per second (fps) and one at 24 fps. Locations of the camera are
shown in figure 4. A video recorder was also used to tape the events.
Color still photographs were taken before and after each test showing typ
ical setup and post-test results. Standard meteorological data were
recorded for each test.
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Fragment assessor panels (fiberboard) banded to make a pack 3.66mm X
1.22m X 2.44m high (12 ft X 4 ft X 8 ft high) as shown in figure 3 were
placed as shown in figure 5. The purpose of these isto make an assessment
of the number of projections emanating from the material in the event of an
explosion. This was done only for the external fire test as required by
the INTEREG.

RESULTS

Data Analysis

Data analysis for end-item stores is based upon the 'Go/No-Go" results
of the prescribed tests as outlined in the INTEREG, Chapter 4 and TB700-2,
Department of Defense Explosives Hazard Classification Procedure.

The flowchart for interpretation of test series 6 is shown in figure 6.

Discussion

. Particle size analyses were in general agreement with the specified
data. Any differences may be attributable to transportation or material
handling where additional shearing or grinding occurred. The sampling
technique may also account for the minor differences. Moisture analyses
were somewhat different ·from·the specified data. The differences are
attributable to sampling techniques as well as the humidity difference
between the test site (high relative humidity) and the processing
location.

A total of six type 6a, single package tests were conducted with a
minimum of bn (3.28 ft) of sandbag confinement. In the first three tests
an ignition source (894 squib and black powder) was used, while in the
second three tests an initiation source (No. 8 blasting cap) was used.
Figures 7 and 8 show the typical test setup. Figure 7 shows the drum
before totally confined with sandbags. Figure 8 shows total confinement
before ignition/initiation. The results of all six tests were similar.
Upon ignition/initiation, white smoke was visible within five seconds; a
red/orange smoke was visible near the lid of the drum after one minute.
Within 18 to 20 minutes there was an increase of red/orange smoke lasting 30
to 45 seconds. The average total thermal decomposition time for each drum
was 27 minutes.

There were no overpressures detected in any of the single package tests.
There was no fragmentation from the drums. Heat flux values were several
orders of magnitUde less than the 0.3 cal/(cm2s) at or beyond 30.48m (100
ft) radius that is being considered for Division 1.4 material by the UN
Committee of Experts on the Transportation of Dangerous Goods. Figures 9 and
10 show typical post-test results for the confined single package tests.
The drum was discolored from the heat but was not ruptured, split,fragment
ed or even significantly deformed. There was no deformation of the witness
plate.
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Results of the single package test without confinement (figure 11)
were different from the previous tests. The lid of the drum relieved.
None of the ammonium perchlorate ignited. Some material was spilled on the
ground as the result of ignition.

A summary of all single package tests is contained in Table 1.

The external fire test configuration with all lumber in place is shown
in figure 12. Following ignition of the lumber and visual observation of
a sustained fire, the lids of individual drums began to relieve starting at
42 seconds for the first drum following ignition to 84 seconds for the '
fifth. The ammonium perchlorate burned for 5 minutes when the majority of
the material had been consumed. The reaction was more intense for a 30
second period during the 5 minutes. The wood fire burned SUbstantially
longer than the 30 minutes required by the test procedures. There was no
explosion, no rupture, splitting, or fragmenting of the drums, and the fire
effects were minimal. The post-test result is shown in figure 13. Table
2 summarizes the external fire test.

CONCLUSIONS

Based upon test results of the single package and external fire tests
and interpretation of results as outlined in figure 6 (figure 4.3 of the
INTEREG) and paragraph 6.5 of the Dod Explosives Hazard Classification
Procedure, TB700-2,there are no indications that ammonium perchlorate with
nominal particle size of 200 microns exhibited explosive behavior.
Specifically:

1. There was no explosion, no overpressure detected, no rupture,
splitting, or fragmenting of the drums, and no radiant heat hazard, during
the 6a, single package tests.

2. There was no mass detonation, no fragmentation, no mass fire
effect, and little or no damage to the shipping drums as a result of the
6c, external fire test.

3. Ammonium perchlorate did not react when primed by a S94 squib and
56.7g (2 oz) of FFF black powder. without confinement.

4. There was no explosive haza~d exhibited during any of the tests
performed as required by the INTEREG.
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... 500 fps

o 0 0

~

Fiducial Markers

!
(20 ft spacing)

00000

• • • • • •
Pressure Transducer (typ) •
in 90° array

•
•

(tYP) • 500 fps

Heat Flux Gage
in 90° array •

LEGEND:
•500 fps

•

• Test Material
• Pressure Transducer
~ Heat Flux Gage (50 and 100 ft)
A Motion Picture Camera

• Video
~ ~ Recorder

24 fps

r

Figure 4. Typical Instrumentation Setup
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END ITEM TESTS
(SINGLE PACKAGE TEST)

. (STACK TEST) ,<I':', ~

(EXTERNAL FIRE STACK)

Figure 6. Interpretation of Test Results
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_._.I'....~._' .• ..... ..::."_. __ ,.'

Figure 7. Single Package Setup Before Confinement

Figure 8. Single Package Setup with Total Confinement
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Figure 9. Typical Single Package Results Showing Burned Sandbags

Figure 10. Typical Single Package Results Showing Drum
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.L

Figure 11. Results of Unconfined Single Package Test
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Figure 12. External Fire Test Setup

Figure 13. External Fire Test Results
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Ign1tion/initiation
, Haterial method Contin_nt "'sulu

11 3.4 kg Ammonium S94 squib and 56.7 g I .. (3.28 ft) No explosion, drum body
perchlorate 1n steel drums black powder Sand bags intact, no explosive hazard

113.4 kg Ammonium S94 squib and 56.7 g I .. (3.28 tt) No explosion, drum body
perchlorate in steel drums black powder Sand bags intact, no explosive hazard

113.4 kg Ammonium 594 squib and 56.7 g I .. (3.28 ft) No explosion,/ drum body
perchlorste in steel drums black powder Sand bags intact, no exploaive hazard

113.4 kg Ammonium Number 8 blasting cap I .. (3.28 tt) No exploston, drum body
perchlorate in steel drums Sand bags intact, DO explosive hazard

1l3.4 kg Ammonium Number 8 blasting cap I .. (3.28 ft) No explodon, d rum body
perchlorate in steel drums Sand bags intact, no exploaive hazsrd

113.4 kg Ammonium Number 8 bIas ting cap I '" (3.28 ft) No explosion, drum body
perchlorate in steel drums Sand bags intact. no explosive hazard

113.4 kg Ammonium S94 squib and 56.7 g None No ignition of material, lid
perchlorate in steel drums black powder relieved. no fragmentation. DO

explosive haurd

Table 1. Single Package Test Results

Ignition.
Material .method Confinement Results

5 each 113.4 kg 2 each electric No explosion, drum
ammonium perchlorate matches with Steel banded body intact, no
in steel drums 56.7 g black pow- explosive hazard
567 kg (1250 Ib) der 1800 apart at
total weight base of steel crib

Table 2. External Fire Test Results
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CLASSIFICATION AND IN-PROCESS CLASSIFICATION TESTING 

WHERE DO WE GO FROM HERE?

by

F. L. McINTYRE
COMPUTER SCIENCES CORPORATION

NASA NATIONAL SPACE TECHNOLOGY LABORATORIES
NSTL STATION, MS 39529

ABSTR,ACT

In 1974, an agreement was reached between DoD and NATO to standardize

Hazards Classification Procedures and adopt the UN Classification System.

Implementation by DoD was scheduled for 1976. Actual adoption occurred in

1978; however, TB 700-2 was not released until March 1982.

Basically this procedure does not change the existing Bulk Interim QUalifi

cation Tests which still include: Card Gap; Detonation; Ignition and Unconfined

Burning; Impact and Thermal 'Stability Tests. End-item classification testing

changed significantly and includes: Single Package, Stack Test and External

Fire Stack Test. Additional constraints on End-item Munition Testing Require

Heat Flux and Firebrand Data for 1. 3 and 1. 4 materials and TNT Equivalency

and Fragmentation Assessment for 1.1 and 1.2 class munitions.

This new procedure was instantly open to criticism. Card Gap and Impact

Sensitivity tests are too severe for most materials, particularly small arms pro

pellants and pyrotechnics. The Ignition and Unconfined Burning Test is not

applicable to pyrotechnics. End -item tests are more costly in terms of the

amount of munitions required as well as instrumentation requir,ements (Heat

Flux and TNT Equivalency). Finally in-process classification was excluded.

I hope to briefly discuss the new Hazards Classification 'Procedures, the

need for In-process Classification, and Pyrotechnic Test Procedures"'proposed

by the Pyrotechnic Committee. at the Second International Conference on Stan

dardization of Safety and Performance Tests for Energetic Materials. It is

impossible to cover all in great detail - rather, my intention is to provoke

thought and, possibly, some action .
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INTRODUCTION

An end-item has been produced for several years and although a different

type of liner was substituted for the existing one, there was no change in the

formulation. In anQther instance the granulation size of the oxidizer was

changed; the binder of another formulation was changed; the fuel/oxidizer

ratio .. of a given mixture was changed by two percent, and finally, there was

an improvement in packaging technique for a particular end-item.

All of the above scenarios have one thing in common. These seemingly

subtle changes constitute a new or improved end-item that requires reclassifi

cation for transportation and storage. The classification testing would be per

formed in accordance with the DoD Explosives Hazard Classification Procedure

TB 700- 2, March 1981(1).

However, none of the above scenarios or gross changes of any kind

would affect classification during the manufacturing process. Manufacturing

processes are exempt from classification unless the materials are transported

by public conveyance. Generally, during manufacturing, all bulk mixtures

are considered as .1.1 explosives until the mixture is consolidated into an end

item. At such time, the classification for that particular end -item would

prevail.

BACKGROUND

Classification of hazardous materials is the systematic arrangement of

such 'materials into groups or categories according to established safety cri

teria. This is accomplished by SUbjecting the specimen to standardized initia

ting influences (Figure 1). The output reactions being observed as either

mass detonation or a fire hazard are then used to determine into which classi

fication the specimen will be categorized in order that it may be transported

and/or stored within acceptable safety limits.

Since 1967, the prescribed authority for determining hazards classification

of explosives (pyrotechnics are defined as explosives), propellants, and end

items was the U.S. Army Technical Bulletin 700-2, NAVORDINST 8020.3

TO 11A-1-47(2). The prescribed initiating influences for bulk materials were
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limited to the selected tests such as Card Gap, Detonation, Ignition and Un

confined Burning, Impact Sensitivity', and Thermal Stability Tests. The ini

tiating influences for end-items were limited to Detonation Test "A", Detonation

Test "B", and External Heat Test "C".

In 1974, an agreement was reached between DoD Components and NATO.

A new document was to be written and published as early as 1976 that would

incorporate the United Nations Classification System and incorporate similar

tests as outlined in the Transport of Dangerous Goods NATO INTEREG ST /SG /

AC.10/1/(3). The final version of this document, The DoD Explosives Hazard

Classification Procedures, was published March 1982( 1) .

During this period, a significant amount of research and testing was

devoted to developing In-process Hazards Classification Procedures. A NATO

Committee was established to standardize test procedures. ARRADCOM, under

the auspices of Single Service Management for the Manufacture of Munitions,

proposed in-process classification to reduce the number of incident/accidents

associated with manufacturing. In 1980, a safety committee also established

the need for In-process Hazards Classification and Identification. These con

cepts and studies have met considerable resistance and basically have remained

ignored since their inception.

DISCUSSION

Changes in the new DoD Explosives Hazard Classification Procedures deal

. with terminology, adaptation of the UN Classification System and new End-item

Classification requirements. There is a distinction between bulk and end-item

classification; bulk material testing is referred to as interim qualification and

end -ite~' testing as classification. Figure 2 shows the interpretation -for in

terim qualification. Other significant changes deal primarily with end-item

testing.
"

End-item testing has changed significantly. Three types of tests are

conducted: Single Package Test; Stack Test; and External Fire Stack Test.

The number of tests per configuration have been reduced from five to three
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for the Single Package and Stack Test versus five each tests for the Detona

tion Tests "A" and "B" configurations. However, the Stack Test now re

quires five items versus two for the Detonation "B" test. Five items are also

required for the External Fire Stack Test versus two to six for the External

Heat Test "C". Another major change for pyrotechnic end-items now requires

confinement ranging from a minimum of 0.5 m (1. 64 ft) to a maximum of 1 m

(3. 28 ft) dependent upon the size of the external packages.

Other changes require that radiant flux, firebrand, and fragment density

be reported for division 1.3 and 1.4 materials. TNT equivalency and fragmen

tation assessments are required for divisions 1.1 and 1. 2 materials. Interpre

tation of the end-item results is shown in Figure 3.

Criticisms came from several areas. End-item tests were costly, as in

strumentation for heat flux and TNT equivalency is expensive. Fragmentation

assessment was costly and time-consuming. Confinement (up to 1 m (3.28 ft»

was too severe. Bulk Interim Qualification tests remained unchanged. These

tests were either too severe for small arms propellants and pyrotechnics, or

they did not apply. Other participants were concerned that their proposed

tests had not been included. As a result In-process Classification was still

excluded.

Such criticisms are unwarranted, as the critics fail to grasp the intent of

the classification procedures. TB 700- 2 is used to determine the effects of

accidental initiation and to set parameters to protect property and personnel.

This is accomplished by conducting a limited number of tests representing

"worst case" situations; then reporting the z:esults, at the same time pro

viding for an acceptable safety margin. It is not intended that these tests

replace parametric, stability, sensitivity and performance (output) tests which

are obtained separately, or in conjun,ction with, and included in component data

safety statements. The component data safety statements and hazards classifi

cation results can ultimately be conbined to represent the hazards associated

with handling, transporting, storage and use of a particUlar item. The

existing classification procedure meets this objective. Based upon a survey

of incident laccidents( 4), there is no known incident laccident attributed to
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the item's being categorized in the wrong division. The opposite is true

when classification is assigned by analogy without testing to support the
assigned ha zards division.

The same incid.ent laccident analysis also indicated that the majority of

all incidents were associated with manufacturing. This is understandable be

cause the manufacturing process is in a constant state of change and the

amount of data available concerning in-process hazards are not readily

available. The next logical step in the classification process would then be

to screen or classify the materials during various stages of manufacturing.

Potential problems would be identified and prevented. An initial attempt at

in -process classification was developed by Pape and Napadensky (5) whose

efforts concentrated on propellants and explosives. The study was based upon

several factors inclUding: Historical Accident Survey; Engineering Analysis;

Survey of Existing Test Methods; Definition of the Classification Procedure

Structure; Selection of Candidate Tests; and Validation and Finalization of

the Proposed Tests Procedures. Their scheme is illustrated in Figure 4.

The potential of the study represents a quantum step forward in reducing

potential. mishaps during..!he manufacturing process.

In 1977 and 1979, the International Conference on the Standardization of

Safety and Performance Tests for Energetic Materials (6,7), through several

international agreements. strove to develop a document on the principles and

methodology for the acceptability of energetic materials for military use.

This manual makes possible the international and interservice acceptance of

qUalification data obtained by individual services and industrial laboratories.

The Pyrotechnics Subcommittee established at the second conference (7) re

commen~~d a series of tests applicable to pyrotechnic (Table 1) inclUding

mandatory and prescribed tests. The submissions were accepted without

prejudice with the only stipulation being that sufficient information to under

stand and duplicate the test results be submitted. It was also noted that

additional changes could be submitted when better procedures were developed.

The mandatory test methods submitted included: Hygroscopicity. Heat of

Combustion, TNT Equivalency. Dust Explosion. Linear Burn Rate and Pressure

Time, all of which have standard procedures. Additional mandatory tests
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which do not have a standard developed procedure include: Ignitibility

Burning Rate (Flares), Candle Power. Efficiency. IR Calibration. Chroma

ticity. High Pressure. Heat Flux and Chemiluminescence. In the case of an

illuminant output measurement it was felt that no standard test could be de

veloped until the instrumentation could be standardized. None of these pro

posed tests were considered for incorporation to the TB 700- 2 or ST ISG lAC .101

11Rev 1 NATO Transport of Dangerous Goods (3).

The cursory synopsis of changes in test methods during the past

decade will have a significant impact on the pyrotechnic community. Generally

pyrotechnics are grouped under the broad term of "explosives." Classifica

tion tests are now more rigorous due to confinement and the slightest change

in the formulation of a given mixture would require reclassification. The

accomplishments of Pape and Napadinsky's stUdy on in-process classification

and the efforts of the pyrotechnic subcommittee at the Second International

Conference of the Standardization of Safety and Performance Tests for Ener

getic Materil:t1s are basically unknown. Probably the most serious result of

this is the fact that the formation of the International Pyrotechnic Society is

stillia well kept secret.

It is imperative that we in pyrotechnics adopt some positive action to

bring our plight to the forefront. Such steps are beginning to surface.

McDonald. Robinson and Johnson (8) have proposed in-process classification

for pyrotechnics. They have also proposed an in-process hazards identifica

tion scheme. The identification scheme has considerable merit. Logically. it

follows that we should consider in-process classification as a means of reducing

incidents during manufacturing. This can only be accomplished when a united

group clamor for changes. In discussing in-process classification with various

DoD safety components. all indicate a need for it. but each is waiting for

someone else to take the initiative. In -process classification would be welcomed

when and if such techniques were validated. The initiative is ours.

If we are to have any input into the Al~ed Ordinance Publication (9) con

cerning pyrotechnic performance testing. we should take advantage of the

test methods proposed by the SUbcommittee at the Second Standardization Con

ference (7) or substitute updated more germane test methods. A possible
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update could indicate friction testing using the Rotary Friction Device Stan

dardized by Naval Weapons Support Center. Another area would be to vali

date the 20 liter and 1 m3 dust chambers and substitute these procedures for

the Hartmann Test. Possibilities are limitless.

CONCLUSIONS

1. We have a new updated DoD Explosives Hazard Classification

Procedure that we must take the time to understand and use

as it was intended. It will stand the test of time.

2. In-process classification is feasible and some form of in-process

classification should be validated.

3. In-process classification techniques demonstrate the potential

to reduce manufacturing incidents.

4. Through international agreements it is possible to use, validate,

or submit standardized test methods applicalbe to the pyrotech

nic community that allow for international and interservice accep

tance.

5. Cognizant DoD safety representatives understand the need for

in-process classification but they are waiting for others to take

the initiative.

6. The initiative is ours.
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Table I. Proposed Pyrotechnic Standardized Test Methods

Test
Requirement

Hygroscopicity

Heat of Combustion

TNT Equivalency

Ignitability

Dust Explosion

Linear Burn Rate

Burning Rate

Candle Pciwer
(CANDELA)

Efficiency
(Candle/Sec-kg)

Chromaticity

Chemiluminescence

IR Calibration

KTA-8

Pressure /Time

Spin

High Pressure
Vessel

Heat Flux

Bullet Impact

Status

Mandatory
All Mixtures

Mandatory
All Mixtures

Mandatory
All Mixtures

Mandatory
All Mixtures

Mandatory Mixtures
and Constituents

Mandatory,
Delays Only

Mandatory. Lined
Candle ~ Bare Grain

, .' Mandatory. Photoflash
and Illuminants

Mandatory. Photoflash
and Illuminants

Mandatory. Colored
Flares

Mandatory
Illuminants

Mandatory
IR Items

Mandatory for Smoke

Mandatory for
Explosion Charges

Mandatory
(TRACER)

Mandatory
(TRACER)

Desirable for
Incendiaries

Desirable
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Typical
Test Method

U.K. MOAD
Method 303 US EA 4D 01 Final Report

MIL- STD - 268- B
UK /Performance /Pyrotechnics- 2

TB 700-2
UK To Be Written Up

Radiation Pulse Test
UK Bickford Fuze Test

3Harmann, 1 m Dr Passman, Holland
20 liter Dr Passman. Holland

UK /Pyrotechnic Performance / 1
ARRADCOM Procedure, NSWC
US Navy Procedure

No Standard Test Method Submitted

UK· Performance /Pyrotechnic /4

UK Performance /Pyrotechnic / 4

No Standard Test Method Submitted

No Standard Test Method Submitted

UK Performance /Pyrotechnics / 5

D. Dillehay 5th IPS

Valcartier, Canada Test Method
Frankford Arsenal Spin Test USA

Gun Breech Simulator UK
Valcartier, Canada Test Method.

TB 700- 2

Method 107 US EA4DOI Final Report
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End item tests
single package. stack test, fire stack test

NO

YES

YES

YES

YES

DoT Class A
DoD Division

1.2

Detonation sensitivity <: 70 cards

DoT Class B
DoD Division

1.3

YES DoT Class C
DoD Di vision

1.4

NO NO

DoD Division
1. 45o Card gap test results paragraph 5- 2-(i)

Figure 3. Interpretation of results for end item classification tests
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Blast Parameters from Cylindrical Charges Detonated

on the Surface of the Ground

G. Guerke, G. Scheklinski-Glueck

Ernst-Mach-Institut, Freiburg

Germany

Abstract

Tables and diagrams of scaled side-on blast parameters

are available for time of shock front arrival, primary

shock front overpressure, overpressure impulse and positive

duration for cylindrical RDX explosives having length to

diameter ratios of 1 and 5. Charges were placed in a vertical,

a horizontal and a 600 inclined position to the surface of

the ground. Initiation point was at one end. Blast parameters

were measured along 9 blast lines at scaled standoffs from
-1/30.5 to 32 mkg .

1. Introduction

2. Experimental Program

3. Scaling Law

4. Shock Front Contour

5. Blast Parameters as a Function of Azimuth Angle

6. Blast Parameters versus Scaled Distance

7. References
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1. Introduction

The objective of this report is to present a com

pilation of blast data from a series of small scale HE

tests with cylindrical charges detonated at the surface of

the ground. In a literature search we found just one in

vestigation concerning blast data of cylindrical charges

fired on the ground surface (Ref. 1, 1975). In agree-

ment with a recent manual for the prediction of blast

loadings on structures (Ref. 3, 1980) we decided, that

the existing data for explosions of elongated charges on

the ground surface are not extensive enough to develop

prediction curves and equations, and are not adequate to

check scaling laws. Hence an experimental program was de

signed to gather more data on the blast from cylindrical

charges fired on the surface of the ground oriented with

the axis parallel, oblique and normal to the surface.

2. Experimental Program

The experimental program is delineated in Table 1.

Cylindrical charges having length to diameter ratios of

1 and 5 were selected. Rounds were fired for each geometry

with the charge in vertical position and with the initiation

from the top (No.4 in Table 1). In the next group, charges

were placed in a horizontal position on the ground and

detonated from one end (No.1 in Table 1). Figure 2.1

shows a top plan of the cylindrical charge with the initiat

ion point at the end in line with the ° degree line.

Keeping the charge fixed and moving clockwise we have the

instrument line at 9 different azimuth angles H at 0,

22.5, 45, 67.5, 90, 112.5, 135, 157.5, 180 degrees to the

ground zero point.
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Table 1 Test Plan

A three-number code is used to characterize the test

arrangement. Initiation point is at H = O. The code:

LID ratio - Azimuth Angle H - Angle of Inclination V

1. Horizontal Cylinders (Angle of Inclination V = 0)

5 - 0 - 0 1 - 0 - 0
5 - 22,5 - 0 1 - 45 - 0
5 - 45 - 0 1 - 90 - 0
5 - 67,5 - 0 1 - 112,5- 0
5 - 90 - 0 1 - 135 - 0
5 - 112,5 - 0
5 - 135 - 0
5 - 157,5 - 0
5 - 180 - 0

2 . 45 Degrees Inclined Cylinders

5 - 0 - 45 1 - 0 - 45
5 - 90 - 45 1 - 90 - 45
5 - 180 - 45 1 - 180 - 45

3. 60 Degrees Inclined Cylinders

5 - 0 - 60 1 - 0 - 60
5 - 45 - 60 1 - 90 - 60
5 - 90 - 60 1 - 180 - 60
5 - 135 - 60
5 - 180 - 60

4. Vertical Cylinders (Symmetric in azimuth angle)

5 - S - 90 1 - S - 90

5. Hemispherical Charges
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t----- 180·

Fig. 2.1

Top Plan of Blast Lines at Azimuth Angles H.

Initia tion Point at H = O.

Z = Ig ni t er 0 = Propagat ion Charge

S = RDX cylinder

Fig. 2.2
Side View of Cyl indrical Charges Inclined

to the Surface of the Grou nd
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As Figure 2.2 shows each of the two L/D geometries was

fired in a position at vertical elevation V = 600 degrees

inclined to the ground surface with end initiation away

from the ground (No.3 in Table 1). To complete the program

some rounds were fired in a position V = 45 0 degrees to the

ground surface (No.2 in Table 1). Semispherical charges of

identical masses and identical type of HE were initiated

at their center of mass in order to get reference values

for the semi-spherical blast propagation (No.5 in Table 1).

All charges, as shown in Table 2, were bare RDX with

nominal weight of 0.016 kg, 0.128 kg and 1.024 kg.

Table 2 Explosives Specifications

Cylindrical Charges S

Charge Density

94.5 % RDX

4.5 % Wax

1.0 % Graphite

1680 kg -3m

Precision Microsecond Igniter PL 464 Dynamit Nobel

L = Charge Length D = Charge Diameter U = Propagation Charge

L/D - 5L/D - 1- -

Mass
in kg D in cm L in cm D in cm L in cm U in g S in g

0.016 2,3 2,3 1 ,35 6,7 2 14
,

0.128 4,6 4,6 2,7 13 ,4 5 123

1 .024 9,2 9,2 5,4 26,8 8 1016
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Firings were made on heavy steel plates that were nearly

perfect reflectors of blast waves. Restoration of the plates

and of the compacted sand under them was carried out after

each event. Shown in Figure 2.3 is the field layout.

11103 4 5 6 8 9

"4f~t;~'~~!§~I~I'::t:-=:=~·il==-=~'~m=a=i=n~il~~s=t=ru=m~~=nt Iine=r'
t=~5 600 (em) BOO

~IOO

P
· 150

200 ----.I
250-----

Fig. 2.3

Top Plan of the Field La yout

Blast Gages No 1 to 11 along the Main I nstru ment

Line. All distances in centimeters

The geometric center or a projection thereof was used as the

ground zero point. Eleven blast gages were installed along

the main instrument line extending from 0.5 meter to 8 meter,

corresponding to scaled distances from Z = 0.5 to Z = 32mkg- 1/ 3

Two additional control gages were located at an off angle at

900 equal to station 2 at 0.75 meter and to station 4 at

1.5 meter. The pressure transducers were Kistler Instruments

model 603 B piezoelectric sensing elements having a natural
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Table 3

BLASTPARArlETER , ZHINDRISCHE L11 t, UN GE H Ht, 0 F' 0 HUH G 5 - 9(') ~ Ij

NR.- Z TA' . PS IS + T +

O. 50 I .17E-01 I 2.(~3Et(o~· HE - 0 I
2 0 · 6 0;' I .45E-OI I :: 83E")v 2.4H-Ol
'3 C' . 7() I /H-OI I 2 · e:3 E ;." .:1 3.02(-01
4 (, ,3,j 2 HE'I)I I 2 88E HO '3 5H-0 I
5 1 ,) Cl 2 7 H· C-I ;3 18 E I ~o 1 2 .e:3E+H' 4.6H-Ol
6 I .25 '3 .7,') E·· ')1 5 iH +(,1 2 83Ed') 6 IH-o 1
7 1 .50 4 .78E-OI 4. liE ~o I ;: 83EtOO 7.75E-OI
B . I .75 5 .97E-Ol 2. 95E~01 2 83E + ,) 'j 9. 38E-OI
9 2 ":,1) 7 .2eE-C'1 2 15E~~'1 <: S ? E .. ,'c· I l1E+00

10 2. 25 ~: . j' I E 'J I 1 '5 f' EtC· 1 ... · ~: 3 E ~, 0 ~r I .28E+OO
I I 2 '50 02Ej,/C· I 10) E ,01 2 .85E+o() I .46E+OO
12 2 ., .. .;: 7 E ";'0 7 (,) E 10 Ij 2 2~E Hr;, I .64£+00· • J

13 :)1;1 5~.E+CI~1 5 4", E ~ r) Ij I · 87E Hilj I .83£+00
14 '3 '5 C' 2 <: 4 E I·.j C' 1. 35E+0,j 1 .3 IE HO 2 21E+00
1'5 4.';'1) 3 07EI,)0 1.75E~f,0 '3 .,)9E-\)1 2 62£+00
16 4 . '5~, 4.v5E+C'0 1. I ,) E I.,' 'j

., till E - 'J 1 2 82E+OOr

17. 5 . ';'C' .'5 . 27 E t" I) 7 . ~.8£"v 1 " b ') 9E - 0 1 3 OOEIOO
18 5.50 6.32E+00 6. OIE-C'1 •.. 2'5E·01 3. 18E+OO
19 6 'j I) 7.43E+00 4. 84£ --';'1 '5 .HE,';-I 3.36E+00
2 ~, 7 · .j rj '3.7'3EiOO 3 :HE-C'I 4 70E-,j! 3.6H+OO
21 8 :) ~l I .2?:EHI 2. 50E -C-l 4 C'2E-')! 4.0IE+OO
22 ~ () III 1 .S<,E+')l 1. ':J 5 E - () 1 '3 · '5 I) E - ,', 1 4.3IE+OO
23 10 () ~, .77EI·Ol 1 58E -C' 1 3 C'?E-'~1 4 6OE+I)O
24 1 I · 1'1;1 2 (> ') E' "I I 3;~ E . (, 1 2. 76£ -0 1 4 87E+L;0
.25 12 ':' ~I 2 34E!'~1 1 lH"';'1 2 .OE-Ol 5 14EtOO
26 14 I) Cl 2 . ~2EHI 8 IOrE-C·2 2 .e3E-·)1 5.G5E+(.0
27 I b 00 3 5IE'(>1 7 05 E C· 2 I 77E-O)I Ii 09(+00
28 18 {J I:' 4 o? E·'· ';'1 5 9 ~, E -. ~I 2 l ') 4E - .) 1 6 15£+00
29 21) \10 4 .f.bE+OI S. 18E'~' 2 I : H - 0 1 b 20E+00
3rj 22 00 '5 22[+';'1 4 ,;, 1 E - (" 2 1 2 2 [ •. () 1 b. 25E+00
'3 I 24 . 00 S .77EIOI 4 17E-02 1 I 'H -01 b.2H+00
32 28 (1 (I 6 82EIOI 3. 5H-e'2 9 18E-02 b.37E+00
3:?- "3 ~r :,'; ,> 7 , B vE -t, ~) 1 '3 17E-(,'2 7 84E-I)2 b.43[+00

~, I~; E. F F I Z { r NTE ~4 C'U' AUSGLElr;HStIjN~TI0N , -ANGRDNUtlG :; - 90 - 0

\.' 0 ri Z 8 I ~; - GPilD R SQU 80 B I 82

5C' 2 :; I) 2 0) <;'38 -0 'S 623 I 3159 \i 3125
.50 5 " 0) I 000 - 0 ~'3';' 9 2 355€-

I,) ~I ~ ~, ,;,() 2 ::: !~ ~I . 0 ? l 1 1 2 7476 -0 5881. ~

2
')

TA : ----------------------------------------------------------
o

37 2 5 .) 2 t COOO 1 912'3 - I 3€.% - I 8590
5\1 '5 . VI) I 0 L·l Q e- 2 H33 -3, 'l: .) ?•.' J

oj ~, 32, oOJ 2 O. 995 2. 2 to I 0 -4 1/97 1 172

,.'
'5

p~ : ----------------------------------------------------------
C'

IS +: - - - - . -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
o 50 2 5u I 0 eo)O 045<;4 0
2.50 4 00 I I) '99 I 310'1 -22'7'
4.00 3200 1 0998 0(682 -I 1735

T.
~, 50
4 {\ (i

l £ ,) ~,

4 I:. I) I ~,I) ') -0 3286 I 2:' 8 f.
1 6 u t') .j <;'33 0 (J 4 8,3 I) b 1 3t.
~2 ,. I) 'J '~i 2 ~ v ~,:3 3 '3 0 i) (' 9 4

93



frequency of 500 kc. 'Signals were recorded on Transient Re

corders having a frequency bandpass 0 - 150 kc. The data

was reduced with the aid of a HP 9830 A desk computer.

Scaled arrival time TA·Q-1/3, shock front overpressure PS,

scaled overpressure impuls IS'Q-1/3 and scaled positive

duration T.Q-1/3 were obtained from more than 1200 records.

A final report covers the reduced data of the entire pro

gram (Ref. 4). Interested people will find 35 Tables and 35

Diagrams in the report belonging to different charge orientat

ions and directions of blast propagation (see Table 1).

One example is to be seen in Tab. 3, in order to show the

arrangement of data. At 33 values of the scaled distance

parameter Z the scaled blast parameters have been listed at

distances that allow linear interpolation. Also coefficients

~~ least-squares regression power functions of blast data as

function of scaled distance have been listed. Blast data

~n be taken from the tables directly for 1 kilogram charges

it must be multiplied by the cube root of the charge mass

for all charges heavier or lighter than 1 kilogram. A proce

dure that is well known to people who handle TNT standard

curves or tables. Remember that the sGaling of blast data 

works correctly as long as the basic assumptions of Hopkinson

Cranz scaling rules are fulfilled.

Reproduced from
best available copy.

94



3. Scaling Laws

Tests were conducted at three different charge masses

of RDX at identical charge geometries and identical test

arrangements. Table 4 may show as an example that Cranz

Hopkinson scaling proofed well throughout our test series.

Time of arrival data have been listed for the test-arrangement

1-90-0 (L/D = 1, charge axis parallel to the ground, direction

of blast measurement 900
). Direct comparison of test res~lts

can be made at scaled distances between Z = 2 and Z = 8.

Time-of-arrival measurements in milliseconds differ by a

factor of about 4 between 16 gram and 1 kilogram charges,

but scaled time-of-arrival data correspond within 3 per cent.

Table 4 Check of Scaling Laws

Time of Shock Front Arrival for 3 Different

Charge Masses. Test Arrangement 1-90-0

~ 0.016 kg 0.128 kg 1.024 kg

R/ Q 1/3
R t A tF! 1/3 R

t A Y
Q

1/3 R t A tpj 1/3
in m in ITS

Q
inm inms inm in ms

Q

2 0.5 0.21 0.83 1 0.42 0.83 2 0.82 0.81

4 1 1.03 4.09 2 2.0 3.97 4 4.10 4.08

8 2 3.55 14.1 4 7.22 14.3 8 14.4 14.3
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Fig. 3.1 shows just one example of measured pressure

time histories at tests with different charge masses at

identical scaled distances. Time and impulse scales are

scaled to 1 kilogram. It is easily to be seen, that measure

ments are nearly identical.

0.~ I3RR I3RR*M5 1.121

'PEAK
OVERPRESSURE

B.128 KG-

-1.B24 K6
SCRLED

I3LRSTIMPULSE

10 MS

BLAST IMPULSE
DEFLECTED

SIDE

WAVE

WAVE

PRIHERY

FRONT

0~'t"-t_.....-_"",,,,","""-----+------+-----~-t-----~--I

FIG.3.

PRESSURE-TIME RECORDS SCRLED TO I KG-EQUIVRLENT.

TEST RRRRNGEMENT ~ - 18121 - 0
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4. Shock Front Contour

For a charge of cylindrical geometry as standoff in

creases the shock front becomes more spherical. This is shown

in Figures 4.1 to 4.3. Iso time of arrival lines that mark

the shock front contours are shown for 3 scaled arrival times

TA 0.874; S.6; 46.6 after ignition time. Semicircles mark

the shock front from semispherical charges at identical

arrival time. Peak overpressure is identical along the semi

circles 7 bar (100 psi); 0.7 bar (10 psi)~ 0.07 bar (1 psi).

At the same instant after charge ignition the shock front

contour of the cylindrical charge is asyrrunetric with largest

distance from the explosion center at 900
, 112,So and 1800

(Fig. 4.1). The peak overpressure at the shock front is far

from uniform for cylindrical charges. It is given in small

figures along the contour. High peak overpressure in 900

direction in Fig. 4.1 is due to the side-wave and in 1800

it is due to the front wave. Highest peak overpressure in

112,So direction is produced by the asyrrunetric ignition at

0 0
• In that case the detonation gas has a forward velocity

component that may cause the strongest shock not in 900 but

in a forward direction. The falling back shock front and low

pressure at 0 0 to 4S o is produced by asyrrunetric ignition.

The Figures 4.2 and 4.3 show that the shock front contour

becomes more spherical. But even in the far field, where semi

spherical charges produce a peak overpressure of 0.07 bar

(1 psi), the cylindrical charge produces peak overpressures

from O.OS to 0.1 bar at the shock front.
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5. Blast Parameters as a Function of Azimuth Angle

If a hemispherical charge resting on a flat surface is

initiated at its center of mass a shock wave will travel

through the surrounding air, its strength a function of

radial standoff from the center of the explosion. For a cy

lindrical charge that is initiated at one end the shock wave

will not enter the surrounding air as a spherical wave, nor

at the same time over the entire charge surface. The shape

and strength of the shock wave will depend upon the length

to diameter ratio, and upon the location at which initiation

'occurred~ The blast parameters will be functions not only of

radial standoff, but also of azimuth.

Figures 5.1 through 5.4 are plots comparing blast data

of cylindrical charges to hemispherical charges. Primary shock

front peak overpressure and positive pressure impulse are

plotted as a function of azimuth angle H and scaled distance Z,

for cylindrical charges having length to diameter ratios of

1 and 5. Our final report covers data· from the entire program

(Lit. 4).

Results. of semispherical charges are plotted as horizontal

lines. Azimuthal symmetry is valid at that case. Unsymmetrical

blast propagation around cylindrical charges is identified

very clearly at this type of diagram that has been used in

Ref. 3.

Figure 5.2asummarizes primary shock front overpressure

data in the near field at scaled distances from Z = 1 to

Z = 2.5 for LID = 5. Maximum peak overpressure of about

150 bar at Z = 1 was measured in H = 112.50 direction. Former

investigators who had measuring lines at 900 and 1350 could

not detect this effect of the asymmetric expansion of the

detonation gases as a consequence of ignition at 0 0
•
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Minimum.peak overpressure at Z = 1 occurred at H = 22.5 0

direction of about 5.5 bar as a consequence of asymmetric

ignition and the bridge wave phenomenon. Very high peak

overpressure was observed at Z = 1 at H = laOo direction as

an effect of the front wave. Errors of about a factor of

10 in peak overpressure may be induced in the near field by

neglecting the charge shape.

Most people think that blast parameters from non-spherical

charges smoothen continuously to spherical parameters in the

far field. In fact the peak overpressure from cylinders with

LID ='5,seems to smoothen at scaled distance Z = 7 in figure

5.2b. Former investigator only measured up to this distance.

But far out can we recognize the effect that at distances

from Z = 10 to Z = 20 peak overpressure is very small at

H = 900 and H = 112.50 directions and high in H = 0 0 and

H = 1800
• This type of overreaction corresponds to reflection

and diffraction phenomena of primary side waves and end

waves from the cylindrical explosives. Pressure-distance re

latioI}ships are determined not only by one shock front, but

by side-waves,end-waves and bridge-waves that result in

multiple pressure peaks. Some wave fronts tend to heal by

overtaking and merging with the primary front while others

tend to recede. As a result even in the far field, at Z = 20,

errors of about a factor of 2 (100 percent) in peak over

pressure are induced by neglecting the charge shape.

Figures 5.1a and 5.1b summarize peak overpressure data

from cylinders with LID = 1. There are some remarkable differ

ences between length to diameter ratios 5 and 1. All of them

can be qualitatively explained by the different charge geo

metry and the observation that high peak overpressure in a

certain direction tends to fall down to very low pressure at

increasing distances. The rate of change in peak overpressure
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depends upon the impulse that is included in the first

pressure peak (not to be confused with the total over

pressure impulse).

Figures 5.3 and 5.4 summarize total side-on overpressure

impulse for LID = 1 and 5. Multiple shocks are included. It

is remarkable that at some distances blast impulses at the

surface of the ground show higher values at any direction

around a cylindrical charge than around a hemispherical

charge. Again this phenomenon may be explained by geometri

cal effects, that the cylinder presents greater surface area

in the direction" of the ground surface than the hemisphere.

Also blast impulses that show very high values in a certain

direction in the near field (e.g. 1800 in Fig. 5.4) tend to

fall down to rather low values at greater distances.
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6. Blast Parameters versus Scaled Distance

The diagrams'-figures 6.1 to 6.4-contain a presentation

of primary shock front peak overpressure versus scaled dis

tance values and positive pressure impulse versus scaled

distance values derived from our small scale measurements.

The values of blast parameters in Ref. 4 were all scaled to

a kilogram equivalent at standard sea level conditions. To

use the curves for predicting blast data for other yields

at other than standard sea level conditions standard scaling

procedures should be used. This type of diagram has been

used i~, Ref. 1 and may give the most complete presentation

of our results.

As reference values resul ts from semispherical charge

detonations were fit into the diagrams that may make clear

the big differences in peak overpressure in different

directions around elongated charges. Kingery (Ref. 1) has

fi tted experimental peak overpressure data from hemispherical

charges. The curve fit is of the functional form

P = f (Z)s

Ps = peak side-6n overpressure

Z = scaled distance.

Plooster (Ref. 5) has curve-fit the experimental peak side

on overpressure data obtained from a test program conducted

at Denver Research Institute for cylindrical charges in free

air. Much more data are needed in order to make a curve fit

of the functional form

Ps = f (Z; LID; H)

Ps = peak side-on overpresure

Z = scaled distance

LID = cylinder length to diameter ratio

H azimuth angle
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Curve fitting of the data presented in this report has not

yet been completed. It is more complicated than in Ref. 5

as a wider range of distances, peak overpressures and blast

impulses was investigated.
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EFFECTS OF LOW LOADING DENSITY ON BLAST PROPAGATION
FROM EARTH COVERED MAGAZINES

By

George Coulter
Charles Kingery

U.S. ARMY' ARMAMENT RESEARCH & DEVELOPMENT COMMAND
BALLISTIC RESEARCH LABORATORY

ABERDEEN PROVING GROUND, MARYLAND 21005

ABSTRACT

This report contains the results from a series of high
explosive tests designed to determine the airblast parameters
propagating to the front, side, and rear of an earth covered
munition storage magazine with a low loading density. The tests
were conducted with 1/30th-scale donor models and hemi-cylindrical
pentolite charges of 0.227, 0.363, 1.066, 1.814, and 5.040 kg
masses. These charge masses simulate full size munition storage
magazines filled with 6130, 9800, 28780, 48980 and 136080 kg of
explosive. The 48980 kg full size load was used as the baseline
for comparing blast attenuation or enhancement from a full size
load of 6130 kg. There was attenuation of both peak overpressure
and impulse to the side and rear of the structure at the lower
loading density. The impulse propagating to the front of the
structure was enhanced while the peak overpressure showed no
significant effect of the low loading density.
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I. INTRODUCTION

A. Background

This study is an extension of earlier work sponsored by the Department
of Defense Explosives Safety Board (DDESB) to determine the airblast
parameters propagating to the front, side, and rear of a munition storage
magazine in event of an accidental explosion. In Reference 1 the model
(1!50th-scale) study was based on 226800 kg, 136100 kg, and 45400 kg of
explosive stored in a standard (18.3 metre length), steel single arch
magazine.

Comparisons of the results from the model tests with full scale test
results were excellent and added to the validity of using scaled models to
simulate blast effects from full scale accidental explosions.

There are requirements for storing, in standard magazines, net
explosive quantities, smaller than those tested in Reference 1. The earth
cover suppresses the blast to the side and rear of the magazine in the near
field but there Is no suppression effect at the explosive work shop
distance~ and beyond for a Q of 45400 kilograms. It is surmised th17 there
will be some suppressive effect at the greater distances, (> 7.14 Q 3m)
for smaller quantities stored In this magazine. If true it would permit
siting of operating buildings and other controlled facilities closer to the
above ground storage magazines.

B. Objectives

The objective of this series of tests is to obtain from scale-model
experiments data on the suppression of blast propagation from stored
quant-ities of munition in the range from 45400 kg (100090 Ibm) down to
approximately 4540 kg (10009 Ibm).

This should provide a basis for establishing the quantity-distances to
certain exposures from igloos containing small quantities of explosive~J

The 'distqnces of interest J;~nge from the safe separation distance 0.5Q 3 m
(1.25 wl / 3 ft) out to 16Q1/3 m (40 w1/ 3 ft) where Q is in kilograms and
distance is metres, and w is in pounds mass and distance is in feet.

A second objective was added to the program after the first series of
tests were completed. Because the overlap of data from the 1/50th-scale model
results simulating 45400 kg full scale and the 1!30th-scale model simulating'
45400 kg full scale were not within an acceptable error band it was proposed
to fire a 5.04 kg charge in the 1/30th-scale donor model to check the full
scale magazine loaded with 136080 kg (300,000 Ibm) as reported in Reference 1.

1 C. Kingery, G. Coulter, and T. Watson, "Blast Parameters from
Explosions in MJdel Earth Covered Magazines," BRL-MR-268O-, Sen 1976.
The explosive work shop distance is defined as de = 7.14 m/kg 3, scaled
to the cube root of the mass Q(kg) of explosive: De = de x Ql/3.
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TEST PROCEDURE

The test procedures followed to meet the objective were to (1) design the
scale model, (2) design the explosive source, and (3) establish the
instrumentation and blast lines.

A. Design of Magazine Model

The standard munitions storage magazine being modeled for this series of
tests is shown in Figure 1. The overall width including the earth cover is
27.43 metres (90 feet) and the !ength is 28 j 96 metres (95 feet). The total
volume of earth cover is 1665 m ~58,812 ft). The volume of the interior of
the magazine is 496 m3 (17,500 ft ). .

The model scale in Reference 1 was 1/50th and was sufficient for the
simulatipn, of large quantities. of explosives. ' In order to simulate smaller
quantities of explosives and work with similar size scaled charges a decision
was made to use 1/30th-scale donor models. All linear dimensions were scaled
down by a factor of 30. The scaled down model, with dimens~ons, is pr3sented
in Figure 2. The total volume of modeling ~and is 0.0~17 m (2.178 ft ) and
the interior volume of the model is 0.018 m (0.648 ft). A photograph of the
interior portion of the model without the sand cover is shown in Figure 3.
The model arch is aluminum rather than steel as used in the full-size
magazines. Scaled steel doors were attached to the masonite headwall to more'
nearly simulate the suppression of blast associated with the closed doors.

The donor magazine model with the steel doors and modeling sand cover is
shown in Figure 4.

B. Test Charges

The test charges used as the explosive source were cast Pentolite (50
PETN/sOTNT). The mass of the charges are usually based on the quantity to be
stored in the full size magazine. For this series of tests the three molds
for the hemi-cylinderical charges used in the tests reported in Reference 1
were still available and therefore a 1/30th-scale was selected to meet the'
range of explosive quantities of interest. Two additional molds were designed
and manufactured, one to cover the low end of the desired range, and one for
the additional high range shot.

The range of scaled charge weights tested were 0.227 kg, 0.363 kg, 1.066
kg, 1.814 kg and 4.~9 kg (0.5, 0.8, 2.4, 4.0 and 11.0 Ibm). When these masses
are scaled up be 30 (27,000) then the full scale simulation is 6130 kg, 9800
kg, 28780 kg, 48980 kg, and 134730 kg (13,510, 21,605, 64,750, 107,980, and
297,000 Ibm). These charges cover a range from 134730 kg down to 6130 kg
which is very close to the original request for a range of 136080 kg down to
4536 kg.

The test charge was always placed with the flat side down and with the
center of flat side at the geometric center of the magazine floor. The point
of initiation was on the end toward the doors or along the zero degree blast
line. The ratio of the mass of the model charge to the interior volume of the
model was the same as the mass of the explosive in the storage magazine to the
interior volume of the storage magazine.
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1

C. Test Instrumentation

The instrumentation for this test series consisted of pressure
transducers. magnetic tape recorder/playback. and a data reduction system. A
block diagram is shown in Figure 5.

1. Pressure Transducers. Piezo-electric pressure transducers were used
for this series of tests. The PCB Electronics Inc •• models l13A22. l13A24.
and l13A28. with quartz sensing elements and built-in source followers were
used extensively.

2. Tape Recorder System. The tape recorder consisted of three basic
units. the power supply and voltage calibrator. the amplifiers. and the FM
recorder. The FM tape recorder was a Honeywell 7600 having a frequency
response of 80 kHz. Once the signal was recorded on the magnetic tape it was
played back and recorded on a Honeywell Visicorder. This oscillograph has 5
kHz frequency response and the overpressure versus time recorded at the
individual stations can be read directly from the playback records for
preliminary data analysis.

3. Data Reduction System. For the final data output, the tape signals
were processed through an analog-to-digital converter. to a digital recorder
reproducer. and then to a computer. The computer (TEKTRONX 4051) was
programmed to apply the calibration values and present the data in the proper
units for analysis. From the computer. the data is put on a digital tape from
which the final form can be plotted or tabulated. The digital tape can be
also stored for future analysis.

D. Test Layout

The objective of this program was to document the blast propagation from a
scaled munition magazine model assuming an accidental explosion of a specific
amount of explosive. This required three lines instrumented with pressure
transducers. One to the front of the magazine. designated the O-degree blast
line. One to the side of the magazine, designated the 90-degree blast linE4
and one to the rear of the magazine designated the l80-degree blast line. The
field test layout is shown in Figure 6.

1. Donor Charges in Magazine. When the tests are conducted with the
donor charge in the magazine model there are specific distances that should be
documented along the blast line. The first of those is the "safe separation"'
distance. This is defined as the required separation of munition storage
magazines. It is a function of the quantity of explosive to ~e stored and
relative locations of the magazines. The safe separation distance to the
front and rear of the donor magazine. the O-degree and l80-degree blast line.
is defined as
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DSF 0-180 = 0.8 x QI/3 m. (1)

To the side of the magazine (the 90-degree blast line) the separation distance
is defined as

DSF 90 = 0.5 x QI/3 m. (2)

The safe separation distance is measured from the interior walls of the
magazine. The pressure transducer station distances are measured from the
geometric center of the floor of the magazine. An adjusted distance of
0.305 m was added to the Q-degree and 180-degree line safe separation distance
for the first station and 0.132 m was added to the 90-degree line safe
separation distance for the location of the first station. That is

DSF 0/180 + 0.305 = 0.8Q I/3 + 0.305

DSF 90 + 0.137 = 0. 5Ql/3 + 0.137

Table 1 shows the location of the first station on each blast line for the
five charge weights.

TABLE 1. LOCATION OF FIRST STATIONS

( 3)

(4)

Ql/3 •8Ql/3 o ,~d 180 •5Q l/3 . 5Ql/jO+Q •8Ql + .305 .132
m m m m

.227 .610 .488 .793 0.305 0.437

.363 .713 .570 .875 0.357 0.487
1.089 1.029 .823 1.128 0.514 0.646
1.814 1.220 .976 1.281 0.610 0.742
4.990 1.709 1.367 1.672 0.855 0.987

The station locations for the five charge weights and the three blast
lines are listed in Table 2. The distances range from 0.57 m to 21.3 m with
many station distances repeated for the different charge masses in order to
keep movement of gage stations to a minimum and thereby keep the turn around
time per test as short as possible. Station 90-1 was placed no closer than
0.57 m because the sand cover, the masonite base, and the gage mount would not
allow the measurement to be made closer.

2. Donor Charge Unconfined: To meet the objectives of the test and
determine the suppressive effect of the earth cover one must establish a base
for comparison. Therefore the blast parameters along the 0, 90, and 180
degree blast lines were determined for four charge masses without the magazine
in place, ie, charge unconfined. The 5.0 kg charge was not tested unconfined.

E. Test Mitrix

The series was designed to conduct the minimum number of tests to meet the
objective. Tests were conducted both with the charges covered, ie, in the
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TABLE 2. GAGE STATION LOCATIONS

Charge
Mass (kg) 4.99 1.814 1.066 0.363 0.227

Station Distance Distance Distance Distance Distance
m m m m m

0-1 1.68 1.27 1.12 0.87 0.79
0-2 2.29 1.68 1.27 1.27 1.27
0-3 3.20 2.29 1.68 1.68 1.68
0-4 4.27 3.20 2.29 2.29 2.29
0-5 6.00 4.27 3.20 3.20 3.20
0-6 8.40 9.14 6.10 6.10 4.27
0-7 14.00 12.80 10.67 10.67 6.10
0-8 21.00 21.34 18.29 18.29 10.67

90-1 0.99 0.74 0.64 0.61oA. 0.57oA.
90-2 1.50 1.12 1.12 1.12 1.14
90-3 2.00 1.27 1.27 1.27 1.68
90-4 3.20 1.68 1.68 1.68 2.30
90-5 4.50 2.29 2.29 2.29 3.35
90-6 6.00 3.20 5.03 5.03 5.03
90-7 8.00 6.71 6.10 6.80 6.80
90-8 12.50 12.80 12.80 12.80 9.14
90-9 21.00 21.34 18.29 18.29 12.80

180-1 1.68 1.27 1.12 0.87 0.79
180-2 2.29 1.68 1.27 1.27 1.27
180-3 3.20 2.29 1-.68 1.67 1.68
180-4 4.27 3.20 2.29 2.29 2.29

:~, 180-5 6.00 4.27 3.20 3.20 3.20
180-6 8.40 6.10 6.10 6.10 4.27
180-7 14.00 12.80 10.67 10.67 6.10
180-8 21.00 21.34 18.29 18.29 10.67

oA.Station was as close as the sand covered slope would allow.
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magazine, and uncovered to establish any suppressive effect at the lower
stored quantities of munitions. The number of tests and conditions planned
are listed in Table 3.

TABLE 3. PLANNED TEST MATRIX

Charge
Mass
kg

.227

.363

1.089

1.814

5.040

Charge
In-Magazine

Tests

2

2

2

2

2

-Charge
Unconfined

Tests

1

1

1

1

o

If large variations were found in the results from the two "in-magazine
tests" then a third test would be conducted. Likewise if the uncovered shots
do not follow the trend established in Reference I, then a repeat test would
be conducted.

III. RESULTS

The results will be presented in the form of tables and graphs. Each
blast line will be treated separately for the various charge masses in order
to show any suppressive effect the earth cover might have at the lower loading
densities.

The program was modified during the field test phase because the overlap
expected at the 45360 kg charge mass between the 1/50th-sca1e (Reference 1)
and the 1/30th-scale results did not occur at the safe separation distance. A
test series to include the simulation of a full-scale 136,080 kg in a standard
magazine was added to further check the 1/50 and 1/30 scaled model results.

There is also some concern in the comparison of the suppressive effect of
the earth cover when using a hemicy1indrica1 charge as the donor because of
the second shock pulse that develops at the greater distances when detonated
in an uncovered environment. Test Number 7 was added in which a hemispherical
charge of 1.128 kg was tested in the 1/30th-sca1ed magazine model of a
standard munition storage magazine. The results of this test will be compared
with the in-magazine hemicy1indrical charge tests. They may also be compared
with the standard hemispherical surface burst data. 2 The tests as conducted
are listed in Table 4.

2 C.N. Kingery, "Air Blast Parameters versus Distance for Hemispherical
TNT Surface Burst," BRL R 1344, September 1960.
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Test No.

1
2
3
4
5
6
7a

8
9

10
11
12
13
14
15
16
17

TABLE 4. TEST MATRIX AS CONDUCTED

Charge M:iss, kg

1.814
1.814
1.814
1.070
1.066
1.066
1.128
1.066
0.363
0.363
0.363
0.227
0.227
0.227
0.227
4.99
4.99

Charge Environment

in magazine
in magazine
free-field

in magazine
in magazine
in magazine
in magazine
free-field
in magazine
in magazine
free-field
in magazine
in magazine
in magazine
free-field
in magazine
in magazine

a

A.

hemisphere

Blast Parameters Along the O-Degree Blast Line.

The O-degree blast line extends to the front of the magazine. The results
from Reference 1 indicate an enhancement of the blast parameters because of
the focusing effect of the three earth barriers and the weakness of the
headwall and door. As listed in Table 4 either two or three tests were
conducted for the covered conditions therefore an average value is listed in
the data tables. Only one test was conducted for the unconfined charges. The
5.0 kg charge was not fired unconfined. The blast parameters for all blast
lines and charge masses are listed in Table 5 through 14.

1. Peak Overpressure versus Scaled Distance, O-Degree Blast Line. The
average peak overpressures versus scaled distances recorded at Stations 0-1
through 0-8 for the unconfined tests are listed in Tables 6, 8, 10, and 12.
The values are plotted in Figure 7. Where double peaks were recorded along
the blast line only the maximum values are plotted. There is excellent
agreement between the various charge masses when scaled to 1 kg mass. The
results follow the same trend as established in Reference 1.

The peak overpressure versus scaled distance along the O-degree blast
line for the five charge masses, tested in magazine, are plotted in Figure
8. The results indicate a smooth pressure decay with distance over the
full range of measurements. It was unexpected that the 5.0 kg tests would
produci/~ressure values lower than average at scaled distances greater than
3 m/kg •
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As noted in Reference 1 the peak overpressures measured from the in
magazine charges are higher than recorded fQr the uncovered charges but
only out to a scaled distance of 6.5 m/kg 1/ J • In this region there is a
cross-over and the uncovered charges produce higher values at the greater
dist~nces. This cross-over of peak overpressure is caused by a second peak
wave which develops from a "bridge wave" as described in Reference 3.
There is no suppressive effect noted along the o-degree blast line for the
in-magazine lower loading density. The in-magazine peak overpressure
values are approximately 25 percent t?~er than the uncovered values at
scaled distances greater than 8 m/kg •

2. Scaled Overpressure Impulse versus Scaled Distance, o-Degree Blast
Line. The scaled overpressure impulse versus scaled distance -recorded at
~ions 0-1 through 0-8 for the four unconfined charge masses are plotted
in Figure 9. There is excellent correlation and with all values scaled to
1 kg there is no apparent mass effect. The scaled values for the five
charge masses tested in-magazine are plotted in Figure 10. A phenomenon
similar to that noted on the peak overpressure curves are noted on the
scaled impulse curves. That is, the overpressure impulse recorded for the
in-magazine tests are higher than those ri~3rded on the unconfined tests
out to a distance of approximately 5 m/kg where there is a cross-over.
Beyond this range the free-field values of impulse ~te larger than the in
magazine values. At distances greater than 7 m/kg1/3 the in-magazine
values of scaled impulse are approximately 25 percent lower than the
unconfined values. The scaled impulse recorded from the larger charges
tested in-magazine show greater attenuation at distances greater than 1.5
m/kg 1 / 3 than do the smaller charges. This is the reverse of what might be
be expected from lower density loading. It is surmised that for the larger
charge masses the earth barriers have less effect on the focusing along the
O-degree blast line. As can be seen in Figure 10 the scaled values from
the 0.227 kg charge are in general higher than the scaled values from the
5.0 kg charges.

B. Blast Parameters along the 90-Degree Blast Line

The 90-degree blast line extends to the side of the magazine. The gage
station locations run from 90-1 to 90-9. The distances are listed in Table
2. The results are listed in Tables 5 through 14 for the five charge
masses in-magazine and the four charge masses unconfined. The values of
peak overpressure from the tables are plotted versus scaled distance in
Figures 11 and 12. The values of scaled overpressure impulse versus scaled
distance are plotted in Figures 13 and 14.

1. Peak Overpressure versus Scaled Distance, 90-Degree Blast Line.
The values of peak overpressure versus scaled distance along the 90-degree
blast line for the unconfined tests are plotted in Figure 11 and show
excellent correlation of data when scaled to 1 kg. There is some scatter
of data points at scaled distances less than 1 m/kg 1/ 3 • The results follow
the same trend as established in Reference 1.

3 R.E. Reisler, L. Giglio-Tos, and G.D. Teel, "Air Blast Parameters from
Pentolite Cylinders Detonated on the Ground," BRL MR 2472, April 1975.
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The values of peak overpressure versus scaled distance along the 90
degree blast line for the five charge masses tested in the magazine are
plotted in Figure 12. There is a very large loading 1~nsity effect on the
peak qverpressure from a s~aled distance of 0.6 m/kg l out to 6.0
m/kg1/ 3 • Beyond 6.0 m/kg1/ 3 the suppression effect of the various loading
densities becomes less evident. A discussion of the effect of low loading
on the peak overpressure versus distance will be given later in this
report.

2. Scaled Overpressure Impulse versus Scaled Distance, 9O-Degree Blast
Line. The values of scaled impulse versus scaled distance recorded along
the 90-degree blast line for the four charge masses, unconfined, are
plotted in Figure 13. The values establish a good trend and follow that
reported in Reference 1. The charge masses range over a factor of 8, but
using cube root scaling the scaled values show very little scatter.

The values of scaled impulse along the 90-degree blast line for the in
magazine tests are plotted in Figure 14. Although the peak overpressure
values plotted in Figure 12 show a greater suppression at the lower loading
densities (0.363 and 0.227 kg charges) this is not evident in the scaled
overpressure impulse versus scaled distance presented in Figure 14. The
peak overpressures were lower but because there were double peaks this
apparently added to the impulse making only small differences in the scaled
impulse. The second peak is an interior reflection from the magazine's
arch.

When comparing the values of scaled impulse recorded from the in
magazine and uncovered charges there is suppression evident ove~ the
compl,se range of distances. From a scaled distance of 2 m/kg l 3 out to 20
m/kg l the average attenuation of the in-magazine values is 25 percent of
the unconfined values. The scaled impulse values do not merge into one
curve at the greater distances as the peak overpressure values did along
the 9O-degree blast line.

In Figure 14 'it can be seen that the suppression of the positive
impulse along the 90-degree blast line is a function of loading density.
The magnitude of this effect will be discussed later in this report.

C. Blast Parameters along the l80-Degree Blast Line

The l80-degree blast line extends to the rear of the magazine. This is
away from the door and the point of initiation of the charge. The gage
locations for stations 180-1 through 180-8 are listed in Table 2 while the
peak overpressure and impulse values are listed in Tables 5 through 14.

1. Peak Overpressure versus Scaled Distance, l80-Degree Blast Line.
The values of peak overpressure versus scaled distance along the l80-degree
blast line for the unconfined tests are plotted in Figure 15. Here the
effect of the configuration of the charge and poin£/~f detonation can
clearly be seen. The station from 1.0 to 3.0 m/kg record higher peak
overpressure along the lBO-degree blast line than along the O-degree blast
line. This is because detonation point is at o-degree blast line end of
the I?~rge. A major curve inflection is noted at a scaled distance of 4.5
m/kg where a second shock develops and becomes increasingly greater in
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magnitude than the initial shock as the distance increases. A second shock
does not develop when the charge is tested in the storage magazine.

The values of peak overpressure recorded from the, in-magazine tests are
plotted versus scaled distance in Figure 16. Here we see a trend similar
tl) that noted on the 90-degree blast line. The two small charge masses
show some blast attenuation over the total range because of a loading
density effect. The magnitude of the loading density effect will be"
discussed later.

When comparing the in-magazine tests (Figure 16) with the unconfined
test (Figure 15) it is quite evident that there is blast attenuation over
the complete range of measurements.

2. Sca~ed Impulse versus Scaled Distance, l80-Degree B~ast Line. The
scaled impulse values recorded for the unconfined charges are listed in
Tables 6, 8, 10, and 12 and plotted in Figure 17. The change in the slope
of the curve at scaled distance of 3m/kg l13 is caused by the increase in
impulse which in turn is caused by the second shock noted in Figure 15.
The scaled impulse values fOr" rtll [our charge masses follow the same trend.

The values of a scaled overpressure impulse along the l80-degree blast
line for the in-magazLne tests are listed in Table 5, 7, 9, II, and 14.
These values are plotted in Figure 18. There appears to be some
suppressive effect on scaled impulse along the l80-degree which is a
function of loading density. The 1.814 kg values are - 10 percent less
than the 5.04 kg values while the 1.066 kg values are - 10 percent less
than the 1.814 kg .values. The 0.363 and 0.227 kg values are - 10 percent
less th;-m the 1.066 kg values of scaled impulse. These suppressions of
impulse are not great but they do appear consistant and valid.

The attenuation of scaled impulse because of confinement is 50 percent
or greater along the l80-degree blast line. The attenuation of scaled
impulse because of loading density is quite evident in Figure 18 and will
be discussed in ~he following section.

D. ~last Attenuation as a Function of Loading Density

The preceeding sections have pointed out the enhancement or attenuation
of the blast waves as a function of a confined charge (in-magazine)
(',~lative to an unconfined charge. The following discussion will include
the attenuation of the blast wave as a function of. explosive loading
density within the storage magazine model. The 1.814 kg charge which
simulates a 48980 kg (107760 Ibm) will be used as the baseline for
comparison. The 0.227 kg charge will be used to determine the attenuation
at selected distances. The four/~istances of primary interest are (1) the
safe s,saration distance (0.8 Ql m for 0 and l80-degree blast line and
0.5 Ql m for ~he 90-degree blast line), (2) the unbarri~3ded intraline
distance 7.2 Ql 3 m, (3) the public traffic routes 9.6 Ql m, and (4)
inhabited building distance 16 Ql 3 m. The attenuation or enhancement of
peak overpressure will be treated in two ways. First the difference in
peak overpres'Hlr,~ rtt the selected distances and second the difference in
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scaled distance for the peak overpressure associated with the baseline
curve. From the second method the equivalent mass factor will be
determined.

The effect of loading density on the overpressure impulse will also be
determined. This method will also be based on the equivalent mass
factor. A ratio of the scale impulse/scaled distance for the baseline plot
(1.814 kg scaled to 1 kg) will be computed and the scaled impulse versus
scaled distance curve for 0.227 kg will be searched to determine an equal
~·ratio. From this ratio the scaled distance will be determined and used to
calculate the equivalent mass factor.

1. Loading Density Effects on Peak Overpressure. The effects of
loading density on peak overpressure is presented in Table 15 for four
selected distances along three blast lines. The percentage difference
listed in column six is the difference in the low loading density (0.227
kg) relative to the medium loading density (1.814 kg).

There is little or no loading density effect on peak overpressure along
the O-degree blast line. An average of the percentage differences noted in
column six would fall within a relative difference band of +6 percent.

Along the 90-degree blast line the major attenuation is at the safe
separation distance where it is 79.4 percent. The other three selected
distances indicate an average of 14.6 percent attenuation of peak
overpressure.

The attenuation of peak overpressure along the 180-degree blast line is
also greatest at the safe separation distance (44 percent) while the
average attenuation at the other three distances is 19 percent.

2. Effect of Pressure, Attenuation on Equivalent Yield. The
attenuation of peak overpressure along the blast lines can also be
expressed in equivalent yield or an equivalent mass factor (EMF). That is,
the explosive yield of the attenuated pressure-distance curve relative to
the baseline curve. The equivalent mass factors (EMF) are listed in column
six of Table 16 for the three blast lines.

The EMF determined along the O-degree blast line follows the same trend
as the peak overpressure differences. Some are less than 1.0 and some
greater than 1.0. The average is 0.98 indicating there is no significant
effect of loading density on the EMF along the Q-degree line.

The EMF values based on pressure attenuation along the 90-degree
blastline are listed in column six of Table 16. A value could not be
calculated for the first distance but the last three distances give an
average EMF of 0.69 + 7 percent.

The EMF determined for the 180-degree line for the last three selected
distances is to .62, +5, -8 percent. This follows the same trend
established in Table 15 where the l80-degree line recorded greater peak
overpressure attenuation than the 90-degree line.
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TABLE 15. LOADING DENSITY EFFECTS ON PEAK OVERPRESSURE

BLAST SCALED PEAK OVERPRESSURE DIFFERENCE
~, LINE DISTANCE 1.814 kg 0.227 kg t:. %

DEGREE m/kg 1/ 3 kPa kPa kPa

0 1.1 1400.0 1250.0 -150.0 -10.7

7.2 24.5 28.0 +3.5 +14.0

,'.. . .~
9.6 14.3 14.9 +0.6 +4.0

16.0 6.2 5.4 -0.8 -15.0

90 0.63 378.0 78.0 -300.0 -79.4

7.2 21.5 18.0 +3.5 -16.5
"

9.6 13.6 11.9 +1.7 -11.8

16.0 6.5 5.5 +1.0 -15.4

180, 1.1. 270.0 119.0 +151.0 -44.0

7.2 13.8 11.1 +2.7 -20.0

9.6 9.3 7.8 +1.5 -16.0
~:

16.0 4.9 3.8 +1.1 -22.0
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3. Loading Density Effects on Impulse. The effect of loading density
on the overpressure impulse along the three blast lines is listed in Table
17. The percentage difference between the baseline curve and the low
loading density curve is listed in column six for the four selected
distances along each blast line.

Although the o-degree blast line recorded very little difference in the
peak overpressure because of loading density the impulse is enhanced. This
enhancement is +7 percent at the first distance and an average of +21
percent for the last three stations.

Along the 9O-degree blast line there is an attenuation of impulse as
well as peak overpressure. The percentage difference appears to increase
with distance, going from -7.8 percent at the first station to -20.5
percent at the last station.

The impulse recorded along the 180-degree blast line is also
attenuated. The percentage attenuation of impulse at the last three
stations is almost the same as recorded for peak overpressure at the last
three stations shown in Table 15, ie, -18.8 vs -19.3 percent.

4. Effect of Impulse Variations on Equivalent Yield. The equivalent
mass factors will be determined based on the variation of impulse along the
blast lines as a function of loading density. The method described under
Section D will be used to determine EMF. Values are listed in Table 18.

The values of the EMF determined along the o-degree blast line based on
impulse again show an enhancement. The average EMF is 1.31 showing that
the low loading density will give higher scaled impulse values along the 0
degree blast line. The focusing effect of the three earth barricades is
more effective for low density loads than the higher density loads. This
is borne out in Figure 10 where the high loading density (5.0 kg) recorded
much lower scaled impulse values than the low loading density (0.227 kg).

The average EMF along the 90-degree blast line was 0.81 + 7 percent
while the average EMF along the l80-degree blast line was 0.~4 + 1.3
percent.

E. Hemicylindrical versus Hemispherical Charges in Magazine

There was some difficulty in determining the effect of earth cover on
the suppression of blast when comparing the confined (in-magazine) and
unconfined hemicylindrical charge because of the double peaked shock waves
recorded along both the O-degree and 180-degree blast lines when
unconfined. These double peaks did not materialize when the charges were
confined.

1. Comparison of Peak Overpressure versus Scaled Distance. One test
was conducted with a 1.128 kg hemispherical charge placed in aI/30th-scale
munition storage magazine model. The results from this test are listed in
Table 13. The values listed in Table 13 were scaled to a 1 kg equivalent
and are compared with a 1.066 kg hemicylindrical charge tested in the
magazine model. The hemicylindrical charge values are listed in Table 7.
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TABLE 17. LOADING DENSITY EFFECTS ON IMPULSE

BLAST SCALED IMPULSE DIFFERENCE
LINE DISTANCE 1.814 kg 0.227 kg 6 %

DEGREE m/kg 1/ 3 kPa-ms/kg 1/ 3 kPa-ms/kg 1/ 3 kPa-ms/kg 1/ 3

0 1.1 235.0 250.0 +15.0 +7.0

7.2 30.0 37.0 +7.0 +23.0

9.6 22.5 27.0 +4.5 +20.0

16.0 12.8 15.5 +2.7 +21.0

90 .63 103.0 95.0 -8.0 -7.8

7.2 34.5 32.0 -2.5 -7.2

9.6 27.0 23.5 -3.5 -13.0

16.0 17.0 13.5 -3.5 -20.5

180 1.1 78.0 68.0 -10.0 -12.5

7.2 23.5 19.0 -4.5 -19.2

9.6 18.0 14.8 -3.2 -17.7

16.0 11.2 9.0 -2.2 -19.6
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TABLE 18. EQUIVALENT YIELD FROM IMPULSE VARIATIONS

1.814 kg 0.227 kg
BLAST SCALED SCALED I 1/R1 SCALED SCALED EMF
LINE DISTANCE, IMPULSE DISTANCE IMPULSE

DEGREE R1 11 R2 12 (R2/R1)3

m/kg1/ 3 kPa-ms/kg1/ 3 m/kg1/ 3 kPa-ms/kg1/ 3

0 1.1 235.0 213.6 1.15 246.0 1.14

7.2 30.0 4.2 8.0 33.0 l.n

9.6 22.5 2.3 10.5 24.6 1.31

16.0 12.8 0.8 18.0 14.0 1.42

90 0.63 103.0 163.0 0.59 96.0 0.81

7.20 34.5 4.8 6.90 33.0 0.88

9.60 27.0 2.8 9.00 25.5 0.82

16.00 17.0 1.1 14.50 15.4 0.74

180 1.1 78.0 70.9 1.0 71.0 0.75

7.2 23 .5 3.3 6.5 21.2 0.74

9.6 18.0 1.9 8.6 16.2 0.73

16.0 11.2 0.7 14.5 10 .1 0.74
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The comparison of peak overpressure along the three blast lines are
presented in Figures 19, 20, and 21. The peak overpressure versus scaled
distance along the O-degree blast line for the two charge configurations is
shown in Figure 19.

The peak overpressures versus scaled distances along the gO-degree
blast line for the two charge configurations are plotted in Figure 20.
Here the peak overpressures recorded from the hemicylindrical charge are
lowei/§han the hemisp~,~ical charge out to a scaled distance of 4
m/kg • From 4 m/kg out to the inhabited building distance (16
m/kg1/ 3) there is no significant difference in the plotted data.

The peak overpressures versus scaled distance recorded along the 180
degree blast line are plotted in Figure 21. Here again the values from the
hemicylindrical charge are lower than the vt7~es from the hemis~~erical

charge out to a scaled distance of 2.2 m/kg • From 2.2 m/kg1 out to
17.5 m/kg 1/ 3 there is no significant difference in the two sets of data.

2. Comparison of Scaled Impulse versus Scaled Distance. The values of
scaled impulse versus scaled distances plotted in Figures 22. 23. and 24
were taken from Tables 7 and 13. In Figure 22. the O-degree blast line.
the values from the tW? charge configur,~ions compare quite/well at scaled
distaqces from 1 m/kg 1 3 out to 2 m!.kg 1 and from 10 m/kg 1 3 out to 20
m/kg1/ 3 • From 2m/kg I / 3 to 10 m/kg1/ 3 the scaled values of impulse from the
hemicylindrical charge are lower.

Along the 90-degree blast line the values from th~ hemicylindrical
charge as shown in Figure 23 are lower out to 4 m/kg 1/ 3 but beyond that
there is no significant difference.

In Figure 24 the scaled impulse versus scaled distance values from the
180-degree blast line are plotted for the two charge configurations. The
trend is similar to the O-degree blast line where the beginning and end of
the curves cOf~3re well. There is no significant difference in values
beyond 6 m/kg •

For future tests where the suppression of blast parameters from earth
cover is an objective it may be advisable to use hemispherical charges in
the magazine model rather than hemicylindrical charges.

F. 1/30th-Scale versus 1/50th-Scale Testing

When simulating the effects of an accidental explosion in a munition
storage magazine with an explosive source of 45360 kg (100.000 Ibm) using
munition storage magazine models a 0.363 kg charge was used in the 1/50th
scale tests and a 1.814 kg charge was used in the 1/30th-scale tests.

For the simulation of 136000 kg (300,000 Ibm) a 1.080 kg chage was
u~ed for the 1/50th-scale tests while a 5.04 kg charge was used for the
1/30th-scale tests.

All data were scaled to a 1 kg equivalent for analysis and correlation
of results.
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Figure 19. Peak overpressure versus scaled distance along the
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in magazine.
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The results published in Reference 1 (l/SOth-scale) were compared with
the present test results (1/30th-scale). The values of peak overpressure
along the Q-degree blast line, recorded on the I/S0th~scale tests are
approximately 2S percent l7~er than the 1/30th-scale test results at a
scaled distance of 1 m/kg l but the results merge together at 2.S m/kg l / 3

for both the 4S360 kg and the 136000 kg full-size simulations. There is no
significant differences in the impulse values along the Q-degree blast line
when comparing the results from the l/SOth-scale and 1/30th-scale tests.

The peak overpressure along the 9Q-degree blast line were l7~er on the
I/S0th-scale tests than the 1/30th-scale tests out to 2.S m/kg l on the
4S360 kg simulation. The comparison of peak overpressure is quite good
between the two scaled tests on the 136000 kg simulation. The impulses
recorded along the 9Q-degree blast line for the I/S0th-scale tests were 11
percent lower than those recorded on the 1/30th-scale tets for the 4S360 kg
simulation. The correlation of impulse recorded, on the I/S0th and 1/30th
scale tests along the 90-degree blast line for the 136000 kg simulation was
good. Only one data point fell outside an acceptable scatter.

The largest difference noted in peak overpressure is along the 180
degree blast line when simulation 4S360 kg full scale, the 1/SOth-sca73 tet
results were 50 percent lower than the 1/30th-scale values at 1 m/kg l •
The data ~3om the two scale tests merge and beyond the scaled distance of
2.5 m/kg l the values are the same. The peak overpressure along the 180
degree blast line for the 136000 kg simulation were an average of 13
percent lower on the 1/50th-scale results compared to the 1/30th-scale
tests.

The impulse along the l80-degree blast line for the 45360 kg simulation
from the I/S0th-scale tests were an average of 20 percent lower than the
1/30th-scale test results. Comparison of impulse for the 136000 kg
simulation gave an average difference of less than + 1 percent' for the two
scaled test results along l80-degree blast line. --

A detailed analysis to determine the cause of the differences recorded
between the l/SOth-scale test results and the 1/30th-scale test results has
not been made. The/jarger differences are generally at scaled distances
less than 2.5 m/kg l •

IV. CONCLUSIONS

The conclusions reached after analysis and discussion of results are
listed below.

1. There is a loading density effect on the blast propagation along
the three blast lines.

2. Al~ng the Q-degree blast line the lowest loading density tests
(12.6 kg/m ) gave the/highest peak overpressures from a scaled distance of
3 m/kg l13 to 10 m/kg 1 3.
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3. Al~ng the o-degree blast line the lowest loading density tests
(12.6 kg/m ) gave th~/~ighest scaled impulse values beyond a scaled
distance of 1.5 m/kg •

4. Al~ng the gO-degree blast line the lowest loading density tests
(12.6 kg/m ) gave lower peak overpressures and lower scaled impulses over
the entire blast line.

5. Al~ng the 180-deg~ee blast line the two lower loading density tests
(12.6 kg/m and 20.2 kg/m ) gave lower peak overpressure and lower scaled
impulses over_the entire blast line.

6. Quantity-distance criterion can be reduced for low loading
densities along the gO-degree and lBO-degree blast lines but should be
increased along the O-degree blast line.

7. The 1/30th-scale test results are recommended for 6130 kg (13.500
Ibm) through 136000 kg (300.00 Ibm) full size simulations. The 1/50th
scale tests are satisfactory for 226800 kg (500.000 Ibm) full size
simulations •

.~-
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Jack W. Reed
Ground Motion & Seismic Division 7111

Sandia National Laboratories
Albuquerque, NM 87185

INTRODUCTION

Tests of small explosions of up to 7.5 tons (6.8 Mg) of TNT

have frequently been conducted on Kirtland Air Force Base with

only occasional nuisance damage to, or complaints from, the

neighboring community of Albuquerque. Provisions were made for

weather checks, including observations, forecasts, and acoustic

propagation calculations, to determine whether or not a planned

event could be tested as well as estimates of the delays needed

to await suitable propagation weatheri\\

We have developed a set of yield lImits that may be fired

without seriously disturbing our neighbors (located as shown in

Figure 1) and without any check on weather conditions (assuming

unlikely strong propagations). Operations are conducted at two

primary firing sites, located in Coyote Canyon, the _200 km2

test field that extends 10 km south from Kirtland AFB - East,

(formerly named Sandia Base). In addition, limits have been

produced for keeping below the threshold of damage, as well as

the threshold for general audibility. All such thresholds have

been based on extensive experience, including recent results of

USAF- and NASA-supported airblast propagation tests at Cape

Canaveral, Florida, where detailed meteorological data acquisi-

tion systems were available [1]. Finally, an up-to-date blast
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prediction procedure, based on locally available weather

observations and forecasts, has been developed for use by local

USAF meteorologists.

BACKGROUND

Atmospheric Acoustic Refraction

Atmospheric acoustic refraction causes sound (or airblast)

rays to bend upward, away from ground, when sound velocity

decreases with height, as shown in Figure 2a, because higher

portions of the wave travel in a slower velocity medium than

lower wave portions. Conversely, when sound velocity increases

with height (Figure 2c) emitted rays are bent toward ground,

forming a sound duct and enhancing propagation. In the

homogeneous atmosphere case (Figure 2b), with everywhere constant

sound velocity, the hemispherical surface burst or spherical

free air burst (FAB) explosion wave expands radially without

distortion, and with characteristics that have been adequately

defined by one-dimensional hydrodynamic models for explosions

[2, 3J.

Standard Explosion Definition

The standard l-kt* nuclear explosion (NE), free-air burst

(FAB), as computed by the USAF Weapons Laboratory (AFWL) [3],

gives an airblast overpressure versus distance curve shown in

Figure 3, using the distance scale at the top of the figure.

*The commonly used kiloton, abbreviated kt, was used rather
than its SI equival~nt, 4.2 TJ.
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a. GRADIENT

b. STANDARD

SOUND ---
VELOCITY

SOURCE
POINT DISTANCE -

c. INVERSION

Figure 2. Atmospheric Refraction of Acoustic
or Airblast Rays
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The bottom scale has been adjusted to a 1 kg HE (TNT chemical

high explosives) yield, following

where R is radial distance and W is explosion yield. Also

included in the Figure 3 scale shift is the generally accepted

factor of two converting NE to HE yield [4].

'Height-of-Burst (HOB)

Height-of-Burst is an important factor in determining

explosion airblast source strength [4]. The reflection-formed

hemispherical Mach wave appears to come from an enhanced yield,

as shown in Figure 4, up to a yield-scaled height referred to

as the "optimum" HOB. This gives the "most bang for the buck,"

or maximum radial extent of specific over-pressure or damage

(up to a level of a few tens of kilo-pascals).

Atmospheric Effects on Propagation

Refractive distortion of a blast wave by the atmosphere may

enhance or attenuate propagation. In addition, a wave may

actually be focused along a circumferential arc (caustic) around

an explosion under more complex atmospheric conditions [5].

Specifically, when directed sound velocity decreases, then

increases with height to a velocity aloft that is greater than

the surface velocity, as shown in Figure 5, an annular portion

of an explosion hemisphere wave is essentially reflected aloft

and returned to the ground in an ensonified ring, beyond a so-

called "zone of silence."
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Observations of atmospheric nuclear tests recorded an

extreme of 5X magnification above standard unrefracted incident

amplitude propagation [6], caused by jet stream winds near 10 km

MSL (mean sea level) altitude. Up to 3X recordings near 220 km

range were caused by the relatively warm atmospheric ozonosphere

layer near 50 km altitude with seasonally directed winds and

propagations at that level. Sandia experiments in Nevada with

1134 kg HE explosions showed up to 8 .. 3X amplitude magnification

from jet stream winds that were calculated by caustic ray path

programs to cause a caustic at about 60 km distance'[7].

Current interest in hot-fueled motors (Class VIr explosive

fuels) for such vehicles as the Trident [8], MX and Shuttle,

led to an extensive experimental study of boundary layer (to

1.5 km~SL altitude) propagation at Cape Canaveral, Florida.

Several hundred explosions, with yields ranging from 2.3 kg to

1145 kg TNT, were fired in 1979, under a variety of weather

conditions [1]. Airblast amplitude records were obtained that

allow quantitative relation of propagation (amplitude versus

distance functions) to weather (sound velocity change; positive

for inversions, negative in gradient conditions).

Figure 6 shows an empirical family of amplitude-distance

curves (scaled to 1 kg HE FAB) that was obtained over flat

Florida palmetto, sand, and swamp. Sound velocity differences

are shown for each curve, representing the maximum deviation

from surface level sound velocity that was observed in the

boundary layer by a nearby 150 m meteorological tower. Figure
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scales have been~shifted to Albuquerque pressure-altitude

(83 kPa).

Some statistics of propagation measurements under com~lex

conditions are also shown in Figure 6. Complex cases include

both clear dog-leg V(z) structures as well as what ap~ear to be

very nearly standard conditions (V(z) = constant). In near-

standard cases there were occasional strong ~ro~agations caused

by undetected sound velocity complexities.

Blast Noise Nuisance and Damage

Audible sounds generally range in frequencies from about

15 Hz to 20 kHz [5]. Low frequency explosion noises usually

*must reach about 20 Pa am~litude or 10 Pa over~ressure (114 dB )

to be barely heard; 50 Pa overpressure (128 dB) usually arouses

considerable attention from a typical community.

At long ranges, assumed for "distant" communities and low

expected over~ressures, the dominant frequency should be near

0.4 Hz from 1 kt NE and 30 Hz from 1 kg HE, except for added

low frequency components caused by multi-path atmos~heric

pro~agations. On the other hand, it usually a~~ears that much

of what the public hears from distant explosions is the rattle

of their houses in response to this low frequency pressure

oscillation. Unfortunately, house-rattling often triggers

a search for damage, and the years' accumulation of ~racked

*Acoustic level L = 20 10910 (p/2 x 10- 5 ) decibels (dB), for
pressure oscillation amplltude, p, in pascals.
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plaster and windows is often claimed as the immediate consequence

of an explosion.

Assessing true community damage from such weak explosion

waves is quite complex. Experience with atmospheric nuclear

tests has shown that a threshold for window damage appears to

be about 400 Pa amplitude [9J.

Window glass would seem to offer a relatively simple and

sensitive structural component for airblast-damage correlations.

Unfortunately, nothing is ever so simple as it seems, and to

date, there is no satisfying and conclusive theoretical model

for window damage response to airblast amplitude input. It

appears that a simple empirical estimator, based on explosion

test and accident results, gives the only satisfactory prediction

[lOJ. As shown in Figure 7, the function relating breakage

probability (on a community-wide basis of an assumed distribu-

tion of installations) to applied airblast overpressure, is

the ~lognormal statistic

+
~PB = 7.5 x (2.5) - kPa

YIELD LIMITATIONS, NO WEATHER CHECK

Acceptability Criteria

Cost effectiveness analysis would usually show that expenses

of delaying an explosion test operation far exceed airblast

damage costs, even under the worst weather conditions. Excep-

tions occur, of course, when someone is injured by falling or

flying glass, or when community annoyance reaches such proportions
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that political action is taken to suspend or radically change

an operating program.

To avoid such consequences, limitations are commonly imposed

and accepted by test managers to hold airblast noise levels

down to mild rumbles, comparable to thunder. A recorded pressure

amplitude of about 100 Pa corresponds to this noise level, at

about one quarter the window damage threshold. Amplitudes of

20 P~ should pass unnoticed except by a forewarned and perceptive

observer in a quiet ambience.

Relevant pressure-distance curves and data for establishing

criteria are shown in Figure 8. Extreme propagation for 400 Pa

damage has been adopted at a scaled distance of 1164 m/kg l / 3 .

Application of the 8.7X focus factor to long range gives the

extreme range for minimal audibility (20 Pa) at 20 km/kg l / 3 .

Operational decisions of whether or not a weather check is

necessary may be made on the basis of generally accepting 100 Pa

rumbings, while allowing that on rare occasions the rumble may

be quite loud but not damaging.

Thus 100 Pa amplitude at 1950 m/kg l / 3 has been adopted, based

on a +2cr deviation from the average of complex condition propaga

tions in Florida. With strong, simple inversions,·,6. V = +10 mis,

100 Pa would carry just beyond 1 km/kg l / 3 on the average and +lcr

in the distribution would fall near 1.5 kID/kg l / 3 • Florida test

inversions never exceeded ~V = +10 m/s. Stronger propagations

will occur when there are complex conditions and focusing, but

only 250 Pa would then be expected in the extreme cases of 8X
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magnification. No damage claims should ari.se from these rare

incidents.

Calculated Limits for Various HOBs

Based on this criterion, that 100 Po. should extend to less

than 1950 m/kg l / 3 , explosion yield limits in Table I were

ca\culated for criti.cal target <iistances fro-In two primary Coyote

Canyon explosion test sites. Yield limits for not exceeding

the 400 Po. damage threshold and the 20 Po. aUdibility threshohl

are also tab~lated.

Table I shows that Lurance Canyon tests with surface bursts

should be limiten to 36 kg HE to hold propagation into Four

Hills to less than 100 Po. amplitude under most weather con(li-

tions. Minor elevations of the clvirge can be accepted, up to

4 m, before HOB enhancement effects become significant. At

optimum HOB, however, the limit is only 13 kg HE at 9 m above

ground. Free air burs ts, we 11 above opt imul1 TIOB, couhl be 72

kg HE at 38 m or more, where FAB spherical wa.ve Eormatio:1 is
"f'

assured.

Thunder Range tests, at 9.5 km from the south boundary of

Four Hills, should be restricted to 58 kg HE surface bursts.

There have, in the past, been instances ..."hen minoe a irblast

damage was caused by as little as 45 kg HE, as well as by rocket

sled tests. Over thirty years of operation, such inci<ients

have been so rare that they have been accepted by the community.

In general, it should take about four times the criteria

yield limit, as well as extremely strong, focused propagrt.tions,

184



: . .

"'_~~;~'~.' '__ '.-_;~ ~ ._~- :.' __1-;-"'-" -_ _-_"10 ~ ;'''_'_~':_" .. ,'....:, .. -, ~_~ ~ _: _~ ,'--..L. _' .. , ~_ : __..~~~~ .",,~. ._, •• < __ ._~_ •• '-.. L. '. .' _" __ J.. _ ,: ,., _': _ ""~.: __ ..,:. __ • 'p,',

TABLE I.

~eather-lndependent Explosion Yield Limits,

Coyote Canyon Tests

Blast Location:

Critical Target:

Surface Bursts

Maximum Height

Elevated Bursts

Optimum Height

Lurance Canyon
Igloo 9830

Four Hills
8.1 km

36 kg

4 m

13 kg

9 m

185

Thunder Range
Bldg 9966

Four Hills
9.5 km

58 kg

5 m

21 kg

11 m



.. ~ '""ause damage at critical target communities. On the other

hand, barely audible sound mi9ht be observed from yields of

only a few grams of HE. Only if a great number of such small

explosions were planned, as on a small-weapon firing range,

woul~ there be any chance for significant public annoyance

from such small shots.

YI~LD LIMITS WITH GOOD WEATHER CONDITIONS

Gradient Conditions

Table II shows explosion yiel~s that coul~ reasonably be

contemplated for Coyote Canyon testing, assuming that a weather

watch is available and test delays are acceptable while awaiting

suitably attenuated propagations. These optimistic estimates

were based on good gradient propagation conditions of.6. V = -5 m/s.

Stronger gradients were occasionally observed during Florida

tests, down to -10 mis, but they included a wind component that

would not usually prevail over the necessary range of azimuths.

Under clear skies and generally light wind conditions, with

firin':l restcicted to early afternoon during the :Jreatest temper

attIre l:3.pse rate, there should be a number of days in any

season ~len .6.V ~ -5 mls would be directed toward al.l heavily

inhabi~ed directions. Fortunately, prevailing daytime winds in

Albuquerque are from the south through northwest so that most

of the city is frequently upwind of both firing sites.

Maximum Yield Estimates

It appears that 4-ton (3.6-rng) HE surface bursts in Luriillce

Canyon and 5.8 Mg (6.4-ton) HE at Thunder Ran,:/e could be fired
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TABLE II. -Explcsion Yields for Very Q)aj Conh tions (b,v < -5m/s)

-. .... -~. -- . - .:.'.......... '-'- : .-.... - ~.

LURANCE CANYON Th'UNDER RANGE

Four Hills Carnuel So. N~lO Four Hills La Blvd Isleta Blvd

-CRITERIA 8.1 krn 6.9 krn 4.0 krn 7.5 krn 11.1 krn 14.8 km

MODERATE NOISE (S 100 Pa, 420 m/kgl/3)

Free Air Burst

Max W (kg) 7173 4434 864 US 72 18460 43756

Min Ht (m) 179 152 88 209 245 326

Surface Burst

Max W (kg) 3587 2217 432 5786 9230 2187Cl

Max Ht (m) 18 16 9 21 25 33

q:>t imum HOB

Max W (kg) 1281 792 154 2066 3296 7814

Opt Ht (m) 43 37 21 51 59 79

Dam3.ge Threshold (400 Pa, 165 rry'kgl/3)

FAa W (Mg) 118 73 14 190 304 722

Sfc .~ (Mg) 59 37 7 95 152 361

Opt HOB W (Mg) 21 13 3 34 54 129

Audibility Threshold (20 Pa, 1.1 krrVkgl/3 )

FAB W (kg) 399 247 48 644 102U 2436

Sfc T~ (kg) 200 123 24 322 514 1218

Opt HOB W (kg) 71 44 9 115 183 435
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under select weather condit i.on's. This conclusion is in accord

with historical experience, except for those few occasions when

peculiar and unsuspected local weather influences caused trouble.

Conceivably, even 59 Mg HE could be fired in Lurance Canyon

without actual damage in Four Hills. Until mountain shadow

effects are better understood, however, this yi.eld would appear

to hazard the whole Tijeras Canyon and NM-lO South region.

Such large and expensive tests would be better conducted at a

larger test range.

WEATHER WATCH & PREDICTION PROCEDURES

Outline

When an explosion test is planned to exceed yield limits

shown in Table I, a weather watch and airblast prediction is

required to assure that propagations will not unduly disturb

the community. The recom~ended evaluation procedure follows

the chronological order of occurrences:

Source definition

. Propagation conditions

. Target effects assessment

Calculation forms have been provided for test operator use,

along with ,various useful conversion tables and nomographs.

Source Definition

Equivalent yield was probably already determined in reaching

a decision that detailed weather-dependent predictions were

needed. Nevertheless, this source strength should be system-
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atically determined by following the steps of Table III. Air

blast equivalent yield factors for common chemical explosives

are available from several sources. An HOB yield enhancement

factor should be estimated from the curve shown earlier in

Figure 4. Results, in Lines 11-13, provide three points for

plotting a standard pressure-distance curve for the indicated

explosion.

Rather than attempting to reconstruct a yield-scaled f~mily

of propagation curves for various weather conditions, a background_

amplitude-distance pattern for 1 kg HE is shown in Figure 9 for

use with a clear plastic overlay copy of Figure 10. The index

arrow (at 1000 m or 1 km) is aligned under the overlaid distance

scale at the kilometre distance given on Line 14 of Table III.

This procedure, involving yield-scaling of distances, allows

rapid evaluation for critical targets and weather threats, from

a given explosion.

When the overlay has been aligned, the result shows the

various weather-dependent propagation curves, with yield-scaled

distances along the abscissa marked by ranges to specific local

targets. Intersections of target distance lines (verticals)

and propagation curves are used to establish limits on weather

conditions to avoid exceeding pre-determined damage, noise, or

audibility.

A number of notable incidents or test results have been

shown by points on the Figure 9 background. Several incidents

appear to show extreme propagations that exceeded results
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obtained" in exp"erimen"ts. As 'such, they indicate what could

happen but not what might be expected to happen in a given

situation. Except for the case shown by Point #10, extreme

propagations appear to be bounded by the dashed line shown

near 7X focus factor. In complex propagating conditions,

. "

'"." . -'..... '.:" - - "

either with a dog-leg sound velocity structure or near ~V = 0,

and a yield that could conceivably cause damage to the commun-

ity, a test delay should be recommended to await better

weather. On the other hand, it may be necessary to proceed

and fire some complicated or costly test explosions, with

the remote chance of adverse response, even when the "Extreme"

line is slightly exceeded. But if the amplitude of the

exceedance is by about 50 percent or so, then there arises a

real probability of injury caused by breaking or falling

glass in any substantial population.

Well above the damage threshold level, and around 3 kPa

overpressure (not amplitude), flying glass would have such

density and velocity as to seriously threaten the safety of

every resident [11]. " This point is stressed here because there

is a lingering remnant of misguided opinion that nearly 0.5-psi

(3.5 kPa) is needed "to cause minor damage to the flimsiest

structures." This conclusion, apparently originated by World

War II bomb damage assessors and relevant only to the maintenance

of building structural functions in war produc~ion, is st~ll

occasionally repeated with respect to sonic booms and mining

activities [13].
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Along similar lines, some obsolete analyses indicated lOOX

amplitude focusing potentials for atmospheric propagation [14].

All attempts to pin down the source data for this contention

have been futile, but some clues have been obtained. Early

(pre-1950) laboratory experiments made overpressure-distance

measurements with small HE charges that showed ~p _ R-l.4,

rather th~n ~p - R-l.l as now estimated for "standard" long
,

range propagation. Similar rapid pressure-distance decays

were later obtained from 0.4 g HE experiments [15]. Measure-

ments at very long range from much larger explosions were

apparently used to infer large magnification (referenced to

the more rapid distance decay rate) in caustic zones. Refer-

ences to the new standard, however, should bring these ampli-

fications down to or below the "Extreme" level shown in

Figure 9.

Weather Observations and Calculations

Having established the explosion source strength and its

potential for propagating unacceptable airblast amplitudes into

some part of the surrounding community, the next step is to

determine actual (or forecast) weather' conditions and their

capacity for causing airblast enhancements of unacceptable

magnitude in critical directions. Surface and upper air obser-

vat ions of temperature and winds, as needed for this assessment,

are entered in Table IV.

It is assumed that no humidity correction is needed for
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sound speed calculation in dry Albuquerque air. Altitude,

temperature, and wind reports are entered directly from provided

surface weather observation (zero level) and upper air balloon

rawinsonde reports. Airblast propagation is usually dominated

by the atmospheric layer of depth less than about one-fifth,

possibly one-fourth, of th~ horizontal distance of concern.

Most concerns with Albuquerque and Coyote Canyon tests thus

involve only about 3 km of atmosphere up to 4.5 km MSL, and

typically the first seven levels of a winds-aloft report.

Space is provided in the table for ten balloon data levels,

should further information be desired.

Sound speed in air, C, may be calculated from absolute

temperature, T in kelvins, by

C = 20.0555 Tl/2 mis,

or read from prepared tables.

Selection of azimuthal directions for evaluation depends on
"".

target locations and directions as well as wind direction. One

calculation should be made down-wind from the strongest wind in

the lower two or three rawinsonde levels. Experience is useful

in determining the fewest directional calculations that are

necessary to establish the existence of a propagation problem.

The directed wind component, U, along azimuth, a, is resolved

from the reported wind speed, W, and direction, D. Note that

meteorological observing practice is to report winds according

to the direction from which the wind blows. This convention, a
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reversal from usual vector description, is defended to allow

allusion to "cold north" and "warm south" winds, rather than

vice versa.

Space is provided for analysis along four azimuthal bearings.

Directed sound velocity at each level is obtained by simple

addition of the directed wind component and sound speed. Sound

velocity difference is obtained by subtracting the zero-level

(surface) directed velocity from the upper level directed

velocity. Difference curves are next plotted versus height on

Figure 11. The apparent curve structure and, where applicable,

the magnitude of the maximum boundary layer sound velocity

difference provide the input to a propagation prediction from

the yield-adjusted Figure 9/10 overlay.

Community Impact

Evaluation for community impact from the specified explosion

and weather condition may be systematized by use of Table v.

Values for the airblast assessment are read from the yield

adjusted Figure 9/10 overlay. The weather check, for complex

structures as well as inversion or gradient intensities, is

made from the directional curves drawn on Figure 11. YES-NO

conclusions on acceptaility are entered as appropriate, along

with any remarks.
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THE CONTAMINATED WASTE PROCESSOR
FOR INCINERATION OF EXPLOSIVES CONTAMINATED

WASTE

BY

SOliM S. W. KWAK, Ph.D.
AMMUNITION EQUIPMENT DIRECTORATE, TOOELE ARMY DEPOT, UTAH

INTRODUCTION

The purpose of this paper is to provide an update on the
development, installation, and performance of the Contaminated Waste
Processor (CWP), which was introduced during the developmental phase in
a paper presented at the nineteenth Explosives Safety seminar in 1980
at los Angeles, Ca1ifornia. l

Four systems are nearing completion, at Badger Army Ammunition
Plant (AAP), Iowa AAP, Sunflower AAP, and Kansas AAP. Incineration
tests for compliance with air emission standards have been successfully
completed at Iowa AAP. Final equipment test and shakedown is ongoing
at the four locations prior to turning the systems over to the
installations.
BACKGROUND

During normal operations of Army ammunition plants and depots,
considerable waste is generated that is contaminated, or is suspected
of being contaminated with propellants or explosives. In addition,
metals which are contaminated with explosives cannot be disposed of
unless they are first flashed. Previously, the burning of such wastes
and flashing of metals was accomplished on open burning grounds.
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~
... ·-The Clean A,ir Act and Resource Conservation and Recovery Act have

resulted in restrictions in the open burning of such materials.

In response to the Army's search for an environmentally acceptable

method of disposal of these materials. AED proposed that a modification
to the Army's Standard APE 2048 Flashing Furnace would provide a system
that could meet present and future air quality requirements. Under
tasking by DARCOM. AED conducted a feasibility study which showed that
a modified APE 2048 had excellent combustion characteristics which

.~ could meet all future requirements. The system concept was developed
and named the Contaminated Waste Processor (CWP) .

.f\-
---

The Corps of Engineers. Huntsville DiVision, named AED at Tooele
Army Depot to be the "Center of Technology" for design, development
and installation of the CWP equipment.

SYSTEM DESCRIPTION

The CWP consists of three main subsystems with associated
. control s:

(1) The carbottom furnace
(2) The air pollution control system
(3) The feed system(s)

NOTE: There are two sizes of CWP. The CWP Large Unit (CWPLU) has two
feed systems. batch and continuous feed. The CWP Small Unit (CWPSU)
has only one feed system, a batch feed.

The facility layout for the CWPLU and CWPSU is depicted in the
artist's concepts in Figures 1. 2 and 3.

For the CWPLU. the waste material is dumped into the loading area
where it can be loaded into baskets for batch feeding or it can be fed
onto the conveyor for continuous feeding (See Figure 4). In the
continuous feed system. materials are shredded in a low speed. high
energy shredder to reduce size of materials. Shredded material is
conveyed from the shredder to the furnace on an S-Conveyor and dumped
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into the furnace through a double sliding valve (See Figures 5 and 6).
During operations, should an explosion occur in the furnace or the
shredder, personnel in the control and loading room are protected from
primary fragments by reinforced concrete walls located by the furnace
and shredder, and from secondary fragments by a steel barricade wall
which separates the control and loading room from the rest of the
building. The barricades are sized to protect against an explosion of
up to 1 lb. of explosive. The feed system for the CWPSU consists of a
batch loading system only.

The furnace for both the CWPLU and CWPSU is a carbottom furnace
lined with ceramic fiber insulation. The only difference is in the
size of the furnace. Both furnaces have a large and small burner, and
automatically controlled air injection ports to control and optimize
combustion of the waste materials.

Baskets loaded with waste materials are transported by an overhead
automated trolley system and are fed into the furnace by placing the
basket on the furnace car bottom and running it into the furnace (See
Figure 7). Shredded material fed continuously into the furnace through
the double sliding valves into the top of the furnace falls into a
basket on the car bottom inside the furnace which facilitates
subsequent removal of ashes (See Figure 8).

The CWP is designed to incinerate 600 lbs/hour of combustible
waste when batch loaded, and is expected to incinerate 800-1000
lbs/hour of waste when operated with continuous feed. Approximately
10,000 lbs/hour of metal can also be flashed in the furnace. In actual
operation, flashing of metal could be accomplished most efficiently
by mixing it with combustible waste materials.

The CWP air pollution control system consists of a gas cooler,
cyclone, baghouse, exhaust fan and exhaust stack. Exhaust gases from
the furnace exit at temperatures up to l600°F. They are cooled to
approximately 900°F with dilution air before entering the gas cooler,
where they are further cooled to approximately 250°F. Exhaust gases
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next pass through the cyclone to remove particulate down to
approximately the 30 ~icron size and then pass through the baghouse
where particulate removal down to the 0~5 micron size is achieved.
Cleaned exhaust gases then pass through the exhaust fan and out the
exhaust stack.

CWP PROJECT STATUS

The CWP at Iowa AAP was the first system to come on line. Air
compliance tests have been successfully completed on the furnace at
Iowa AAP with the support of US Army Environmental Hygiene Agency.
Iowa State air quality compliance officials were present at the test
and were satisfied that the furnace operates within their standards.
Preliminary data resulting from the air sampling are summarized in
Figure 9.

Since the CWP at Iowa AAP is the first system to be constructed,
it is essentially the pilot system. Some mechanical and electrical
adjustments and corrections are in process and will be completed before
the system can be totally turned over to the installation. System
checkout and training will continue at Badger AAP, Sunflower AAP and
Kansas AAP for the next few months prior to turning the systems over to
the installations.

Four additional systems are presently in various stages of
construction at Lexington-Blue Grass Depot Activity, Tooele Army Depot,
Savanna Depot Activity, and Mississippi AAP. Equipment installation is
scheduled to begin in the spring of 1983.

CONCLUSION

The CWP is proving to be an effective system for disposal of
explosive contaminated wastes in compliance with state and federal air
emission standards.
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lMinutes of the Nineteenth Explosives Safety SEminar, Volume II, Page
983, article entitled, "Contaminated Waste Processor," by Darrell W.
Walker, PhD.
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FIGURE 7 - OVERHEAD TROLLEY WITH WASTE
BASKET
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IOWA STATE AIR QUALITY STANDARD 0.35 GRAINS/SCF

TEST *DATA
,
'.

RUN NO. 1 0.161 Grains/SCF

RUN NO. 2 0.116 Grains/SCF

RUN NO. 3 0.060 Grains/SCF

*All data corrected to 12% CO2

,.

FIGURE 9
PRELIMINARY AIR QUALITY TEST DATA

IOWA AAP - CWP
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FIGURE loU - ~URNER END OF CAR BOTTOM FUJ:U~", ..",
WITH EXHAUST STACK FOR FURNACE START UP, AND

DILUTION AIR DAMPER 217
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FIGURE 11 - CWP GAS COOLER
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FIGURE 12 - CWP CYCLONE 219



FIGURE 13 - CWP BAGHOUSE 220
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INDUSTRIAL ROBOTS
PRESENT STATE OF DEVELOPMENT

DIRECTORATE FOR AMMUNITION EQUIPMENT
TOOELE ARMY DEPOT

TOOELE, UTAH 84074
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--------------------------------------

, The Directorate for Am:nunition Equipment (D/AE) ""as tasked in FY 81 to

research the latest developments in robotics for potential applications of

the ArQY's ammunition demilitarization and renovation lines.

Tnis report discusses the present state of the art in robotics and
cov~rs in detail three major manufacturers of robots that this office has

used in actual applications or has extensively evaluated for use in other
,-,',

apPlications.
"-
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INTRODUCTI ON

~n the past ten years the Directorate for Ammunition Equipment (D/AEI
has been instrumental in the use of robots on ammunition related projects
where this type of automation has been benefical in either increasing the
productivity or safety of a particular process. D/AEls first experience with

automation began in the late 1960 ls when an industrial robot was used to
download an M34 cluster bomb on the chemical agent filled bomb
demilitarization program at Rocky Mountain Arsenal. Other experience has
included use of an industrial robot to load and unload three detracer
machines on a 40mm ammunition renovation line at Tooele ArmY Depot; and
assignment as consultant to HQ ARRCOM for the installation of three large ton
capacity robots at the ,Western Area Demil Facility (WADF) in Hawthorne,
Nevada. These uses were not unconventional and placed robots in the common
role of handling and transferring of material items. The items to be handled
were mechanically delivered to an exact position where the robot then checked
input signals supplied by interfaced equipment. It would then load and
unload the machine it serviced and keep checks on the important parameters.

~
The basic robots were purchased from commercial companies but the

engineering to design the tooling used to handle the item, the controls to
interface with the external machinery, the delivery system to supply the
items to the delivery point, and in some cases the modification of the
internal robot control, to allow it control features that it did not contain,
were all done by D/AE.

The resultant hands-on design of system application gives D/AE a unique
status among government agencies of having experience in a field where others
have had little exposure.
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TECH/ilCAl DI SC:lJSSIC~: -------------------------

Industrial Ro~ot

A definition here is required to help accurately define what constitutes

an industrial robot. These robots have often been classified as a type of an

industrial ~anipulator. The term industrial manipulator helps to dissolve

media-induced visions of a metal machine with human like abilities.

A cornon industrial standard unit will usually consist of a mechanical

arm, hydraulically, electric servo, or pneumatically powered with three main

axes of travel; horizontal, swing and vertical. On the end of this

mechanical arm is a wrist to which the user designs the tooling or hand to

manipulate the item. This wrist may also contain several axes of movement to

assist the tooling to obtain the correct position. Each additional axis

results in an additional degree of freedom. Some units may contain upwards

of six degrees of freedom in a three dimension plane. The movement of the

mechanical arm is prograrrrned on a point to point basis or a continous basis

as in some welding applications. Feed back is generated by sensors mounted

on the arm, wrist and tooling which determines where the mechanical arm

moves. These signals are then fed to an internal controller which directs

the arm to the next posi ti on.

Initially the user must supply the program to control the path of the

robot. 11any methods to program are used. Some have the operator take the

mechanical arm and physically pull it through the path it must travel. The

taught direction is retained on the memory system of the robot and repeated

with great accuracy. This is done on many welding robots.

Another type of program syste~ uses co~and potentio~eters which set the

location of the robot according to a voltage level defining a point in space.
A potentio~eter is, of course, required for each point of each degree of

freedom. This older analogy system can in complex programs require the use

of hundreds of voltage settings and can. become impractical. The most
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co~~only used method today is acco~plished by ~Eans of a teach control unit.

It is used as follows:

The progra~~er switches the controls to a teach mode and directs the
mechanical arm under very low speed to the desired position by pushing the

various controls of the teach control unit ~hich move the arm one axis at a

time up and down. in or out. etc. Once the position is reached. the

progra~er then pushes the record button and thet position is placed in the

memory of the controls. Once all the positions of the operations have been

recorded in memory. the robot will continue to' follow these program,lled

instructions when directed through the sequence by its controller.

Factors to Consider Before Selecting a Robot

The robot is usually provided with a limited number of inputs which are

used to monitor external functions of other equipment. Outputs are also

available for the robot to energize as required. These outputs may. for

example. be used on the conveyor system to del iver the item to the pickup

area or to signal machinery that an operation has been completed. As

discussed previously the amount of these input or output functions is both

limited and basic in nature. Careful engineering is a must before any

judgement feasibility of an application can be made. Below is a list of some

facts to consider.

1. Draw or sketch the part to be handled to determine tooling

required. Basic grippers can be purchased from the manufacturer but most
applications will require some design by the user.

2. Determine machinery interferences. access openings. cylinder

strokes. tooling clearances etc.

3. A floor plan layout of the area to scale or with di~ensions is a

must to detail relationship of the machines. conveyors. electrical panels.

aisles. etc •• to the robot.
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4. Sketch concept of celivery and teke-away conveyors.

5. Review increased production rates by detennining how existing

process will be improved with the robot. Interface robot cycle time with
that of existing equip~ent. Try several approaches.

6. Consider the following facts about the part to be handled.

d. ~hat is the material and weight of the part being handled.

'f b. If the part being handled is easily damaged ~;hat precautions
should be taken?

c. Does the part require orientation at all stations?

d. If the part is delivered on an existing system. what is its
height from the noor and distance from where the robot is to be installed?

Conslder this point and all other pickup and set down positions.

e. l~ha t programed moti ons are requi red to load or unload the

machine or conveyor. etc?

f. How does the part get to the robot from the preceding operation
and can that system be automated to combine with the robot?

7. ~hat type of environment will the robot have to operate in?

a. I\'hat is the ambient temperature?

b. Is the atmosphere corrosive. dry or humid. dirty. etc.?

c. Do hazards exist which will require special construction for
~eeting such things as Explosion proof ratings?
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8. Does the robot controller possess the ability to palletize? Can the
robot handle a different pickup or set down location in a before hand
preprogrammed order?

The above comments are somewhat general because they do not cover an
exact application; however, these are the types of facts which the user must
cover and study before the selection of the right industrial robot is made.

Status of Present State of Development

As noted in the last section's description, robots do not possess what
is known as artificial intelligence. They can not see nor can they feel and
evaluate conditions to make decisions in the normal sense. To make matters
more complex, -they must also be setup to fit within a structured environment
with external items physically referenced to the robot's narrow internal
coordinate system. These limitations have not stopped robots, however, from
vastly increased production and accompanying reductions in operational costs.
Robots have found a position doing the repetitive, around the clock tasks,
that automation can produce without the boredom and fatigue associated with
the human worker.

Although the United States has been the technology leader of robot
development, the Japanese have surpassed us by using three times the number
of robots working on actual assembly lines. The Robot Institute of America,
a technical society dedicated to the advancement of robotics technology,
lists some 39 U.S. robot companies along with 2 European and 4 Japanese
companies. There is also an annual conference and exposition sponsored by
the Society of Manufacturing Engineers each spring in Detroit, Michigan to

provide the opportunity to see the latest developments, both domestic and
foreign.

Three major U.S. manufacturers of industrial robots were selected to

supply information for this report. They are as follows:
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a. Unimation Inc
Shelter Rock Lane
Danbury, Connecticut

b. Cincinnati Milacron Inc
Mason Road and Route 48
Lebanon, Ohio

c. Prab Conveyors, Inc/Robot Division
1

594412 Kilgove Road
Kalamazoo, Michigan

All have been the major suppliers of automated robot systems used in
U.S. automobile assembly lines and other heavy industrial application.
Somewhat disappointing is the fact that robot technology has not progressed
as fast as one would have expected. It has been only recently that the use
of computer systems have been incorporated for controls to expand the
decision capabilities of commercial industrial robots. The same mechanical
servo systems have been state of the art for years. The manufacturing
industry is very conservative and future research, done mostly by university
and private institutes of technology, awaits incorporation by the commercial
concerns. This means that the U.s. lead, unless past performance improves,
will continue to diminish.

DESCRIPTION OF SELECTED ROBOTS

Unimate Robots

Unimation Inc. has by far the largest share of todays robot market.
They manufacture several different models, from small mini types to larger
units that can lift upward of 450 pounds.

The small robot series 250, 500, 600, are constructed with a main boom
that is jointed. This feature supplies a greater degree of dexterity. Drive
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is acco~,plished by use of DC servos \;hich are configured in five or six axes

depending on ~odel purchased. Lift capabilities are two to five pounds, but

the small robots are designed to achieve accuracies of .004 inch and are used

for small intricate work. Control on these models is advertised as one of
the most advanced systems and uses the capabilities of a LSI 11 computer with

Unimate's Val language. This gives the user the great control flexibility
that many robots lack. The operator uses a detachable teach control to guide

the robot through its task pattern. Control for each individual axis is

provided to allow the operator to move the manipulator into the exact

position.

Unimation's large robot series includes several models. but can be broken

down to the 2000 and 4000 series. Both robots are similar but the 4000 can

lift about 150 pounds more and has a heavier duty wrist. Both use a sequence
step controller. r':emory is on magnetic core and can store up to 2049

position points. The units are hydraulically po\·;ered and can achieve
accuracies within .050 of an inch. A teach control is used to lead the arm

through each successive position and that position is then recorded in memory
for all five or six axes of movement as a program step. There are also a

limited number of input/output functions on the robot which will allow it to

receive signals from other machinery and contI Jl conveyors'. or other

mac hi nery.

The advantages of the Unimate 2000 or 4000 are as follows:

a. Reliability- They have an established reputation among users for
continual operation with little or no downtime. Manufacturer claims better
than 98':> uptime.

b. Programming - With the use of the hand held teach control
programming is very easy. The user has only to lead the unit through the
operation and record each point.

c. Unitized - The unit is self contained with everything including

hydraulics and controls within the main frame housing. This allows quick

installation and easy reinstallation \'Ihen the robot is moved to be setup on
another process.
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The disadvantages are:

a. Dexterity - The series 1000,2000, and 4000 use a turret or radial

movement on the main arm. This results in less working area since the main
arm can not retreat fully to the base and also sometimes results in

difficulty in maneuvering the tooling into tight areas. Unimate has added a
sixth axis model to help alleviate the problem but this then adds more size

to the wrist and reduces the load limits. About anytime that the radial arm

moves into a tight area not on the same horizontal level as the turret, this
problem will occur.

b.- Robot Controller - These larger robots use a simpl~ sequence control

l'o'hich often causes the user to fight programming 1imitations. Jump or branch

type instructions are difficult to perform. If an operational function is to
be carried out repeatedly at many different locations within the total cycle

it must be programlled each time. The uni t can not connect wi th other
computer interfaces or digital equipment at the level of intelligence

possible with computer controlled robots.

c. Servo Axis Control - There is no coordinated control of all axes
during the teach or automatic operational mode. Each of the five or six axes

move randomly when directed to a programmed point. This means that the arm
may move differently with changes in speed, etc, or that during teaching or

programming positions, each axes must be moved one at a time. Again, the
addition of a more powerful computer control has eliminated this problem in

other model s.

Cincinnati Milacron Robots

One of the more modern units available today is built by Cincinnati

l·li1 acron. This company is one of the leaders in the manufacture of numerical
controlled machining equipment. The manufacturing of robots started as a
side 1ine, and although they only market one unit with two payload versions,

they sell almost as many units as Unimate.
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capacity. Control is accomplished by use of either a drum controller or a

new solid state sequence control. ~ost operating co~ponents are standard

industrial parts available from local suppliers. The value of the unit is

its economical price, high relibility and ease of repair." The draw backs are
that it is not suitable for most hazardous environments and does not have

much flexibility when control amounts to more than pick and place
operations.

Versatran Robots

Prab acquired the Versatran robot line from ANF and now markets it along
with -their basic model. The Versatran Model E was the first industrial
appl ication of robotics by our O/AE office. At Rocky '·Iountain Arsenal the

Model E with the older basic analog controller was used to download and

transfer to process equipment a large stockpile of GB filled cluster bombs
for demi 1.

The physical construction of the Versatran robot is different both from

the jointed main arm Cincinnati Milacron or the radial turret armed Unimate
and Prab.

A main frame consisting of a square base and a vertical column form the
robot. The boom or arm is mounted crosswise or horizontal to this column.

When in operation the arm can travel up and down the main column, swing
around 270°, or extend in and out. Tooling is mounted on the end of the arm

which can supply up to three servo controlled degrees of freedom. This then
makes up a total of six axes of movement. Versatran also uses a seventh

servo on a traverse base to allow the robot the ability to move between work
stations.

Experience from use of the Versatran line has revealed the following.

The mechanical configuration of the design supplies good dexterity in moving
in and out of tight areas with the tooling. It does not have the drawbacks

of the turret radial design. Rear clearance behind the robot must be allowed
for because the arm will project out the back \'Ihen moved in toward
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The T3 and heavier version HT3 use a jointed ~echanica1 arm ~hich is

articulated to move in all six axes. The physical configuration of this
jointed arm enlarges the \-Iorking volume while increasing the dexterity.

Payload capability is 175 pounds for the T3 and 250 pounds for the heavy duty
HT3.

\·:hat makes this unit popular is the great flexibility it derives from a
computer control. This company was one of the first to develop a strong

computer software base to aid in robot control and in turn reduced much of
the limitation of the more basic models.

A hand held teaching control is still used to guide the robot to the

various positions. Positions are then recorded and stored in computer memory

and can easily be modified or edited. The control console which houses the
computer is equipped with a CRT to provide visional program readout. Each

program~ed point is displayed as X, Y and Z coordinates in space. Velocity.

acceleration, input, output designation and other control statu~ are

displayed on the tube on a real time basis. Such tasks as programming
randomly sequenced operations and interfacing between larger computer

contro11ed processes and external equipment are all made easier because of
the versatility .of a computer aided robot.

A disadvantage of the T3 and HT3 robots are that they were not designed

for quick reinstallation and are not unitized. The control console is
separate as are the power distribution panel and hydraulic pump. If the

robot were to be used in an explosive hazardous location much of this
equipment would,have to be installed remotely in a control room or utility

area. This prevented the use of these units on our applications because we
were installing equipment in existing older buildings.

Prab Conveyors Inc/Robot Division Robots

Prab's robot is much like the Unimate models 1000,2000 and 4000 in

physical construction. The ann rotates on a radial turret. Four models are
built around this design and vary only in reach and weight handling
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the base. However, control of the robots have been modernized with"the

introduction of the series 600 computer control. Although Versatran has used
the same LSI/ll/02 cOQpute~ as has the Hilacron robot they do not offer as

many options. This is a result of the executive program in the co~puter.

The user is free to write his own program if they do not fit the application

or he can have Versatran engineers work with him.

Versatran robots are not unitized.

COIJCLUSION

This report has been compiled for our own use or other parties which may
be considering the use of robotics. Presently the design, building and
marketing of robots is increasing rapidly. Because of this increase it is
not possible to become knowledgeable with all robotic systems manufactured

today. Major companies such as General Electric, Texas Instrument and IBM
have invested large amounts of capital and have announced plans to market

their ~wn robot'lines. The Japanese are making the majority of their own
robots and"these are now appearing in increasing numbers on the U.S. market.

Older U.S. manufa~turers which have controlled what was available on the
market will soon be faced with fierce competition. However this will then

result in better, more powerful robots as new technology is applied to gain
advantage in sales.

Robots which were evaluated in this report were units on which we had
formed opinions, either from actual industrial application or through study
of the - units for consideration in applications. A working hands-on

knowledge was therefore gained both of the advantages and disadvantages of
these models.

Future models of these robots will be caught up in rapid technological

advances, making the conclusion of this report valid only for a short period
of time. For example, Unimate will soon have a computer control system for

their larger units and many of the criticisms of axis coordination and
prograCQ;ng will be r,e3ated.
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For the govern~ent to increase the productivity of its labor intensive

manufacturing. renovation. and demil plants. a serious effort and investment
of capital will need to be made toward the use of more robotic systems. Past
experience has demonstrated. that where an application has been properly

engineered, the investment has been paid back in a very short period.
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BARRICADE/SHIELD TESTING
NEW THINKING ON HEAT FLUX REQUIREMENTS

BY JERRY MILLER, P.E.

AMMUNITION EQUIPMENT DIRECTORATE
TOOELE ARMY DEPOT

In 1976 MIL-STD 398 was pUblished to help standardize on the criteria
which must be met to properly protect an operator. As it states in the
"Foreword" of this publ ication dated 5 Nov 1976)

1. "This standard defines the mi"nimum criteria necessary to design
an operational shield which will protect personnel and assets from thermal,
pressure and fragmentation hazards resulting from an accidental or
intentional detonation of ammunition or explosives, and identifies methods
for testing prototype operational shields to assess the degree to which they
meet the protection criteria specified~

2. Criteria identified in this standard are recognized as
providing an environment that affords adequate protection for personnel and
assets."

Besides the area of overpressure, which is well documented and has transducers
which can follow fast response pressure waves, the less defined and established
area of heat flux was addressed.

It states in Section 4.1.3 that:
(a) "Shields shall be designed to limit exposure of personnel to a

critical heat flux value based on the total time of exposure. This value of heat
flux is determined by 77!2tj following equation:

~ = 0.62 t -. where
~ = heat flux in cal/cm2-sec
t = total time in seconds that a person is exposed to the radiant

heat. II

The equation was developed by plotting published heat flux data on log
paper and establishing a best fit curve to this data. Further research
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seems to indicate that the exponent in the equation ought to be 0.75
instead of 0.7423. Also, the safe heat flux level is based upon a pulse in
the form of a square wave.

(b) "All operating personnel shall be located at a distance from
the shield that assures their exposure is less than the flux determined by
the above equation.

(c) The upper torso of an operator's body shall not be subjected
to any visible fire or flame. Flame impingement upon the lower portion of
the body may be permitted provided that the heat flux specified above is not
exceeded."

A point of interest is that a former Ammunition Equipment Directorate

(AED) engineer, Mr. K.T. Smith, was involved in the preparation of the heat
flux section of the standard. In conjunction with his research, tests were
performed at AED on various types of heat flux sensors under varying
conditions.

As can be seen from the following film, there is concern for an
operator's protection from the heat produced during a detonation/incident
within a protective barricade. The first film shows what happens when M30.
propellant is ignited inside an Ammunition Peculiar Equipment (APE) 1001
barricade. Since that date in 1979, much work has been done to reduce this
heat problem to a minimum and there is now a fast response deluge system
which suppresses the fire very quickly (in the order of 20-50 milliseconds).

The next sequence of film shows the test results on an APE 1202
operational shield. This shield evolved from an open back style to a total
containment version while trying to meet the other safety criteria defined
in MIL-STD-398. With a semicircular rear door added to the shield, the main
areas where flame and heat can escape are around the rear door enclosure

attachment mechanisms and around and over the turntable. Within the shield
an internal barricade was designed to mostly enclose the turntable.

Baffling was added to the turntable, and the gapping between the turntable
and shield was reduced to a minimum. After these modifications the film

shows that a detonation spray can still be seen coming out into the operator
area at approximately chest height.
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Some of the first work done in barricade testing centered around the
testing of several types of heat flux sensors to determine the best for

this application. These were the Gardon gage, Schmidt-Boelter and the
platinum film gage. The platinum film gage was eliminated early in the

testing because of problems with damage susceptability, in calibrating, and
filtering. The Gardon gage was supposed to have a faster response than the

Schmidt-Boelter, but it was easily damaged during a detonation from the
generated overpressure. Therefore, the Schmidt-Boelter gage appeared to

best suit our requirements in measuring heat flux; but we knew it was
limited due to its slow response.

Another concern. with any type transducer (gage. meter. etc.) is that
because of the electrical noisy environment in which data is obtained, the

transducer output must be in millivolts or larger. In no way could
microvolts be measured with any certainty.

In 1980 Dr. Richard Ulrich. from the Brigham Young University was
contracted to help look at concerns with the heat flux gages and the heat

flux criteria as identified in MIl-STD-398. He is presently in the process
of finalizing a report on certain aspects of his study to date.

lets now look at the characteristics of the two gage types which seem
to most adequately fit our requirements, the Gardon and Schmidt-Boelter. It

must be realized that other names might be used to describe these types
gages such as unidirectional. asymptotic, pyrheliometers, radiometers. etc.

A discussion of the characteristics will eliminate possible misunderstanding
of these designs.

In both types of sensors. heat flux is absorbed at the sensor surface
and is transferred to an internal heat sink which remains at a temperature
below that of the sensor surface. The difference in temperature between two
points along the path of the heat flow from the temperature to the sink is

proportional to the heat being transferred and therefore proportional to the
heat flux being absorbed. At two such points, these transducers have

thermocouple junctions which form a differential thermoelectric circuit
providing a self-generated emf between the two output leads directly

proportional to the heat transfer rate. No reference junction is needed.
Gardon gages. Figure 1, absorb heat in a thin metallic circular foil
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and transfer the heat radially (parallel to the absorbing surface) to the
heat sink attached to the periphery of the foil; the difference in
temperature is taken between the center and edge of the foil.

Schmidt-Boelter gages. Figure 2, absorb the heat at one surface and

transfer the heat in a direction normal to the absorbing surface; the
difference in temperature is taken between the surface and a plane beneath

the surface.
Both types are designed for operation in steady state and only then is

there a direct proportional relationship between the measured temperature
(or emf) and absorbed heat flux. Both types can be built having a "time

constant" of as low as a few tens of milliseconds. say 40-80 milliseconds.
However. the concept "time constant" has well-defined meaning only for first

order systems and represents the time for a first order system to respond 63
percent to a step input. The path of the response curve is a well-defined

exponential decay (or rise) from an initial to a steady state value and; if
the time given (in number of time constants) is known, the response state is

well known. However, neither type of heat flux gage can be well represented
by a time constant since they can not be physically modeled accurately by a

first order model. Of course the time for 63 percent response to a step
input can be measured. but the response curve is not well represented by a

single exponential equation. Because manufacturers often describe the
response time by giving "time constants;' that term will be used in this

report.
The curve in Figure 3 shows a typical -heat flux gage response from a

particular barricade test. This response was produced by a Schmidt-Boelter
type gage (a Medtherm 64 Series) having a "time constant" of about 55

milliseconds. First. assume that the heat flux versus time curve can be
taken at its face value; that is, assume that the results are accurate.

Does this particular curve satisfy the MIL-STD-398 equation?

~ < O.62t -.7423

The obvious question is "what time should be used?" The film for this
test show some visible effect for four to six milliseconds so the actual
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time is probably some place between 5 and 700 milliseconds, a very wide
range indeed.

The equation was developed from an extrapolation of rectangular wave
shapes of heat flux versus time. The times were all longer than one second.
Maybe, for these relatively short times, the integral of heat flux - time
would make more sense as a limiting criteria.

Another problem arises due to the transient nature of the heat flux
pulse when the gage is designed and calibrated for steady state use.

Following is a discussion of the steps taken to understand and explain the
data observed in Figure 3.

SCh~idt~Boelte( type heat flux gages are basically a many junction
thermopile wrapped in series around a mandrel. This unit is mounted between

plastic protectors and the entire system is mounted in a copper heat sink.
The manufacturer is never sure of (exact) dimensions of the particular
plastic layers so they need to calibrate each heat flux gage. The heat flux
is indicated by the sum of voltage from the thermopile as the heat flows

from the surface to the heat sink, since ~ = kbT , for steady state
AX

operation. However, for unsteady state some energy is stored in various
parts of ,the heat flux gage. This system was, then modeled as shown in

Figure 4, a node for the surface plastic, a node for the wire on top, a node
for the mandrel, a node for wire on the bottom, a node for the plastic on
the bottom and, a node for the heat sink. These nodes (or capacitors in the
electrical analogy) are connected by resistors or conduction elements. For
this system, a computer program was developed using estimated values for
thicknesses and thermal properties, which would be modified to allow for

matching computor output with field results.
This program is really two programs, or two phases in solVing the

specific problem. The first part solves the problem "given an unsteady
input heat flux, what is the output, or indicated heat flux?" This program

was developed and "calibrated". "Calibration" means that the parameters
were chosen so the computer output matched the heat flux gage output for
some known inputs. This demonstrated that the computer model fit of the
physical model was adequate.

Having a good computer model then allowed for an inverse approach
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program to be developed. That is "gi ven the output from a heat f1 ux gage
during an unsteady operation, what was the input heat flux?" This was again
used on some cases where the input and output were known and presented a
good, if complex, result.

This program was then used on some real data from a barracade test and
the result was that the calculated heat flux was about 50 percent greater
than that indicated by the gage. The results are shown in Figure 5. No
general rules of thumb were developed for estimating actual heat flux from
indicated heat flux.

Another modeling and analysis technique was done to develop a method
for interpreting data from unsteady usage from steady state calibrations of
heat flux gages. It was done (in ME 542 Advanced Heat Transfer Design)
under the direction of Dr. U1 rich by Max Howell and Brent Wood1 and. The

heat flux step inputs were of small duration in comparison to the time
constant of the gage.

The computer model again used resistors and capacitors to try to

duplicate the response characteristics of a particular heat flux gage. A
second computer program was written that wou1 d "back out" the step input
given a typical response curve.

The computer programs, were then used to predict the actual input from
a particular response curve. It was observed that the heat f'-uxes obtained
from an APE 1202 barricade test probably passed the gage in two waves, a
radiation pulse and a convection pulse. It was also seen that the maximum
heat flux from the explosion was between four and seven times the indicated
heat flux.

The heat flux gage was modeled as a 3 lump capacitance system as shown
in Figure 6. The solutions to the three simultaneous differential equations
indicated the Node Temperatures as a function of time. The three equations
are:

dT2 = d1'- ("I.L - T2 T2 - T3)
Cl Rl R2

dT3 = d1" (T2 - T3 I.3.-:.l.4)
-, C2 R2 R3
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dT4 = d-r' (T3 - T4" - .T4 - TS)

C3 R3 R4

Using this as an iterative model, time response curves were generated. By
non-dimensionalizing the model output, the model could be geometrically
adjusted to match the time response curve of the real gage. Figure 7 shows

how closely the computer model matches the real gage response to a step
input.

Assuming that the model is correct, it could be used to simulate
various response characteristics that would be e~pected from the real gage.
As lQng as both the model and the real gage data are in non-dimensionalized

form, the response of the gage will always be the same. This being the
case, the slope at a point on any reasonably smooth curve will correspond to

a fraction of the steady state value. Figure 8 shows an example. This
implies that for a general curve the instantaneous steady state value can be

approximated since the ratio of the temperature difference to the steady
state temperature difference is an instantaneous constant (h), where
h = 8

ass

Using a non-dimensional model, a computer program was written which

matched the slope of a particular output with the corresponding slope on the
model. That slope identified what fraction of the steady state input the

gage had attained. This process was repeated for numerous points along the
output curve.

To test the accuracy of this technique, the model's response to several
types of known inputs was generated. The slope-height technique was then

applied to these response curves to see if it could accurately predict the
input. Figure 9a is the model response to intermittent step waves of equal

magnitude. It can be seen that the past history of the response does affect
the current gage response. Figure 9b also shows that some error exists in

the technique. This error could be compensated for, if. necessary; however,
"-

for a single pulse this compensation is not needed. Figure 10 shows how the
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computer program handled step inputs of varying magnitude.
Figure 11 shows how accurately the program was able to predict a single

pulse square wave. The error in this prediction was very small.
The actual heat flux for a hand-grenade explosion in an APE 1202

barricade was predicted from test data. Figure 12a shows the data with time
in milliseconds and the heat flux indicated (after smoothing) as a fraction

of the calibrated flux on the gage (0.44 ca1/cm sec). Figure 12b shows what
the actual heat flux was predicted to be. It can be seen that the maximum

heat flux is about seven times the flux indicated by the gage. This figure
also shows two distinct impulses to which the gage may have been exposed.

The two pulses shown in Figure 12b may be interpreted as radiation and
convection fluxes, respectively. This may be real since the pressure wave

takes longer to reach the gage than the initial radiant burst of energy. By
knowing the actual distance the gage was from the explosion, the beginning time

of this impulse could be calculated to verify the prediction.
Figure 13 shows interesting contrasts, if the input data is not taken

as a smooth pulse. This figure indicates that the maximum flux was only 4
times the gage value. This result seems to put the extremely high magnitude

of 7 times the gage value in question. Good jUdgment would seem to suggest that
the actual val ue is somewhere between the two. In other respects, this predicted

heat flux is quite similar to that shown in Figure 12.
This slope-height technique is one way to determine the actual heat flux

given the temperature-time response of a heat flux gage. This method does
have inherent errors that seem to multiply for multiple-step inputs.

However, for one or two pulses, it seems to do a very good job. For general
interpretation of data the technique appears to be satisfactory, since more

rigorous mathematical approaches are very 1aboriQus and time-consuming.

Another solution, to the problem of "given an indicated heat flux, what
was the source heat flux?" was developed. This slope method is based on the
idea that the response of the gage to a step input can be represented by a
single exponential rise curve and that the time constant for the instrument

is known. That is, assume,c is good indicator of 1 lump, i.e.,'.c1«

'C2 for pu1 ses ,where pu1 se width < 1/4'1c1.

244

_ _ _ • . ~_~_. _ ._~~, ,_._~ •. _. _~ .... ,,, . . __ ~~. _~_ ~ __': --. _~","_~__ .._,........-.'_~~ __....._ .....--;-.-._ ~. " . .-., __ " .~, -- --. ~,-;---1':-:;'



Then

qi = qss (l-e - ~/T-~I

and near time = 0

~i

dY

- TIT::
= ~ e '-I

I cl

I

=,qss = qi
" cl

c

q/ r., then qss = qi' 'Y~I
I)

Therefore. if we know"Cl (measured or from the manufacturer) and
measure

Thus. Figure 14. shows the step by step method of proceeding through
this technique.

This method shows some promise and is still being developed. It is
similar to the Howell-Woodland method. but much simpler to reduce data. All
three methods need refining but they all show promise •.

Several tests were done at Tooele Army Depot. Tooele. Utah, where a
constant heat flux was impinged on the back of a large camera aperture. The
opening was fixed in size and the time setting was varied from 1/4 to 1/125
of a second. The heat flux gage was shaded by the shutter and exposed for 1
sec (to get the steady state reading) then in sequence 1/4, 1/8. 1/15. 1/30.
1/60 and 1/125 of a second. The areas of the response curves were measured
with a planimeter•.These values were plotted versus time and the result was
a straight line going through the origin. as shown in Figure 15, indicating
that the total energy was registered by the heat flux gage. even if the
instant rate was not registered. This was also proven using the analytical

model.
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The next phases of our heat flux studies will include the following:

1. Test several different manufacturer's heat flux gage types and
models.

2. See if developed modeling techniques can be used on these sensors.

3. Perform statistical testing for more accurate evaluations of the
modeling techniques.

4. Establish rules of thumb if possible.

5. Study the temperature of the surface of skin for various generated

heat flux square waves to get Ts vs Qtotal (= )qd71.

6. Do skin modeling and look at temperature rise of skin due to

generated square waves of heat flux.

7. Generate envelop of Q vs T from energy, pressure, temperature,
volume. etc.

When we feel that we can adequately model the heat flux measurements,
we will present our findings to the U.S. Army Armament Command for review
and possible revision of the heat flux section of MIL-STD-398.
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reduction in high order detonations. See Figures 1 and 2 for typical

results. Tests were then run using M26 Hand Grenades, M21A4 boosters and

M502 Artillery F booster with similar results. See Figures 3 through 7.

In 1975, design was begun on a pilot model production machine. The

machine employed a nylon block with a machined cavity, Figure 8, to insure

support and accurate placement of the shear tool. The machine, requiring a

7 step operation, would be controlled by a programmable controller, Figure

9. A single station machine was built and tested. A second station was

then added to increase the production rate to 8 rounds per minute. The two

station machine was then housed in an operational shield that had been

tested and proven acceptable under the requirements of Mil Std 398 for up

to 8 ounces of TNT.

Latest developments in shearing involve the sectioning of M55 and M6l

chemical rockets into seven sections then destroying the sections in a

furnace. This equipment will be installed in the Chemical Agent Munitions

Demil System (CAMDS) at Tooele ArmY Depot.

The design has been completed on a three station, six cavity shearing, and

burning facility for Mis~issippi ArmY Ammunition Plant, Figure 10. This

equipment will be used to destroy manufacturing line rejected M42/46

grenades at a rate of 24 per minute.

PURPOSE OF SHEARING

There are three reasons for shearing munitions before demilling them

in the deactivation furnace. They are:

l-To reduce the number of high order detonations in the furnace.

2-To reduce the size of an item entering the furnace.

3-To allow lower operating temperatures in the deactivation furnace.
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FIGURE 1 - 40MM GRENADES BURNED NOT PUNCHED
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FIGURE 2 40MM GRENADES PUNCHED AND BURNED
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FIGURE 3 - 40MM GRENADE, M406 PUNCHED AND· BURNED
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FIGURE 4 - M502 FUZE W /BOOSTER, SHEARED

FIGURE 5 - 40'MM GRENADE, M384 SHEARED
267



:FIGURE 6 - M26 HAND GRENADE, PUNCHED
268

__ • , ,. . __ ._. __ --.__ . .~-,.- .• - .-. -----~--.-~ ,~---.---._._------,•• ---~--.-:_'-..••-~.-".....- •. ":'7""



, . .

.' .. ':' ... '

.I ...... f... "...t-~.:....:..., ••. _,'"'-"" __ '_~"",.;:,,~_. .'._''''-_---'~','''J'''''-'''''_.''''_~:'''''' __'~_"_~'-__ ~'."~""". ~_.__._ .._. __ '__" __ ~._._~. .'"._.,. __ "._, ,._ ..~ __ •. _.~ ..:__ .._ ";.:_~_.~._~.~._._ , •. _._::'._.~ _, __ ~

FIGURE 7 - M21A4 BOOSTER, SHEARED AND BURNED
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FIGURE 8- MUNITION HOLDING BLOCKS
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FIGURE 9 PROG,RAMMABLE CONTROLLER
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High order detonations in the furnace can be very damaging,

particularly if they occur on a continuing basis. Not only is there risk

involved in blowing out the flame and allowing items to exit the furnace

that may not be completely demilled, but the equipment is subjected to

unnecessary strai n. Though the retort can wi thstand a 2 to 3 pound

detonation, this occurance can cause bulges and/or cracking.

The overpressures created by detonations weaken and/or distort the

dampers in the air pollution control system. The production rate on items

known to detonate high order must be reduced to protect the equipment.

Shearing or punching ammunition items will greatly reduce or eliminate

detonations by allowing the exposed explosive to ignite and burn before

pressures and temperatures reach the detonation stage. The production

rate can therefore be increased by punching or shearing the munition

item.

To insure demil of a detonating item in the center (heavy duty)

retorts, often the operating temperature must be increased. Since the bag

house in the Air Pollution Control System is limited in the temperature it

can withstand, the lower the temperature a furnace can operate at, the

better. High furnace temperatures also create problems by melting metal

such as aluminum and magnesium that are much more easily handled while in

a solid state. Exposing the explosive filler by shearing creates a

condition for igniting at lower temperatures; and the explosive burning is

a much more easily controlled method of demil.
,

Using a shear operation to reduce the size of an item increases the

usabil ity of the deactivation furnace. In the case of the 1.,55 and M61

rockets, the fuze, burster, rocket motor and igniter are all separated and

reduced to a size the furnace can handle, Figures 11 through 13. The
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FIGURE 12 - M61 ROCKET SECTIONS
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FIGURE 13 ~ SHEAR FIXTURE, M61 ROCKET
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rocket shipping container is 82" long and 5" diameter. The proposed

shearing operation sections the rocket housed in the container into seven

sections that are easily handled by the furnace •

.. SHEARING ADVANTAGES

Exposing explosive filler or reducing the size of an item can be accomp

lished in several ways including sawing, drilling, flycutting or disassembly.

Shearing has strong advantages over these other methods. Shearing is a

relatively fast operation as opposed to sawing, drilling or disassembly.

The shear operation can be accomplished utilizing a relatively simple

machine. The operation produces little or no metal chips and does not

require any form of coolant.

However, like other methods of exposing the explosive, shearing or

punching creates loose or powdered explosive that must be cleaned up

almost continually; and special problems are created in handling an item

containing exposed explosive.

DEVELOPMENT OF THE SHEAR PROCESS

Development of the shear process centers around maintaining less

energy input to the item than is required to detonate the explosive

filler. Several factors have bearing on this. They are:

l-Thickness of material to be penetrated.

2-Type of material to be penetrated.

3-Required size of the penetration.

4-Type of explosive being penetrated.

5-Type of penetration, i.e. round hole, triangular hole,

complete sectioning.
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Because of the many factors involved, each candidate must be

consi de red on a case by case basi s.

Considerable effort has been made to determine the best possible

shear blade design. Though other designs may be better on items not yet

tested, generally the tool that has proven the most successful is a

single sided wedge shaped tool with the cutting edges sweeping back 30°

from the point, Figure 14. Several designs have been tested including a

double sided tool,single, straight cutting edge tool, and single sided

rounded cutting edge tool. For punching the M42/46 grenades, a standard

round punch is used. The standard punch is ground to a slightly rounded

tip 3/8" in diameter. This tool is strong and most effective for

punching the grenade body and continuing on to deform the shaped charge

and expose the explosive.

Development of the shear process has not been without incident.

While searching for the optimum punching location on M42 grenades, 16

high order detonations resulted.

Tests of shearing the M61 rockets using a straight edged blade

resulted in ignition of the rocket motor. A single sided wedge shaped

tool with swept back cutting edges has proven the best in this case

al so.

CURRENT CAPABILITIES

Currently, the APE 2196 Munition Shear Machine, Figures 15 through

18, design can handle small munition items up to 3 inches by 3 inches by

8 inches in size. The operational shield has been proven affective in

protecting the operator against an 8 ounce TNT detonation of an offensive

grenade or a 5.89 ounce Comp B detonation of a fragmenting grenade.

278



.12$

.... 0,:)2 -- ~ .
I I I I

__~-=-={:-= _{o
, , • 1

.c:., _J

.... 0,:)2 I' J\:
.I;~ __ "'" ~ ~ J -,/~ U"'~-2~

I X -- C:CP

,'"' d

,-- Jl -
. -.I.lr '

. 4 .

FI-4T /5.r.-,~ ,llSI SS STEEL

8 ~ IJ ~ 2$ LON($

13 ,.... --~.~
I~ ~

r
L }-,

1--
'3

'-1

. __ ;:~-:~:~~_r'~r')~_

r~"

1~5

/' \ ,
, s"," i
- ,- ,y.

. j' .
-~ ;

c·•

FIGURE 14 - SHEAR BLADE
279



FIGURE 15 APE 2196 MUNITIONS SHEAR MACHINE
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FIGURE 16 SHEAR MACHINE ACCESS DOOR
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FIGURE 17 - SHEAR MACHINE INTERIOR
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FIGURE 18 - SHEAR MACHINE INPUTS
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Accessory kits are available for shearing M26 grenades (without fuze),

M21A4 boosters, M502 artillery fuzes with M21A4 boosters, M384 and M406

40MM grenades, and M42/46 shaped charge grenades.

As shearing can be used to reduce the size of an item, any item

that can be reduced to a six inch diameter and 22 inch length for

feeding into the furnace is a possible candidate for a shearing and

burning demil operation. The furnace is also limited in explosive

amount to 5 pounds per flight, which must be considered when shearing

large items for demil.

CONCLUSION

Sheari ng muni ti ons for burni ng is a proven method of expandi ng the

deactivation furnace capability. Particularly where open air detonation

is limited, a shearing and burning operation could be utilized for

destruction of small and medium sized explosive filled items.

284

- .------,-- -- -, - .~._~,.. _~---~---------- .._-_.-- ~--~--.-----.~ ".- -".--~._~---_._---':" ~--- - .- ---' - _.



~ 0
0

lJ
1

N
AV

AL
EX

PL
O

SI
VE

SA
FE

TY

IM
PR

OV
EM

EN
T

PR
OG

RA
M

(M
IL

ES
TO

NE
II

-I
)

PL
AN

S
AN

D
PR

O
G

RA
M

S

M
IC

HA
EL

M
.

SW
IS

D
AK

,J
R

.

NA
VA

L
SU

RF
AC

E
W

EA
PO

NS
CE

NT
ER

,
, ....



NAVAL EXPLOSIVE SAFETY IMPROVEMENT PROGRAM
(MILESTONE II-i)

PLANS AND PROGRAMS

Michael M. Swisdak, Jr.
Naval Surface Weapons Center

White Oak, Silver Spring, Maryland 20910

The Naval Explosives Safety Improvement Program (NESIP), Milestone 11-1,
has as its objective the examination of Naval munitions in the quantities
and scenarios experienced on Naval waterfronts, to determine fragment and
blast_hazard ranges. ~.This.paper will review the organization of the
program, discuss several of its major on-going testing programs, review
some of its many past accomplishements, and discuss its relationship with
the Navy's Weapon System Explosive Safety Review Board. Specifically, the
paper will review findings and testing concerning hazard ranges and
sympathetic detonation of bombs and torpedoes in the open and torpedoes in
certain classes of ships. It will discuss analytic studies of several
Navy Weapon Systems including the Penguin Missile System and the Destructor
MK 14 MOD O. In addition it will present previously unpublished fragment
velocity data taken from the NESIP data base.
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The Chief of Naval Operations initiated the Naval Explosives Safety
Improvement Program (NESIP). In 1974, the program was established for the
purpose of assessing the Navy's compliance with DDESB standards on explosive
handling waivers and explosive safety problems in general. A collateral
objective was to develop military construction programs to eliminate such
problem areas where possible.

The scope of the entire current NESIP effort is shown in a breakdown of
tasks by Milestone number in Table 1. This paper will deal solely. with
Milestone II-I. "Prosecute Naval Explosive Safety Test (NEST) Program."

This Milestone (II-I) has as its objective the examination of Naval
munitions, in the small quantities handled on Naval waterfronts, and in the
several explosive handling scenarios which are experienced, to determine
fragment and blast hazard ranges. The ultimate goal is the reduction of
explosive-safety quantity-distance (ESQD) arcs which must be applied to small
quantity handling evolutions. These define the basic scope of the program.
The program deals with handling scenarios: transportation, loading, topping
off, etc. It is also generally limited to small quantities of munitions.
Small in the context of transportation and handling scenarios generally means
no more than 1500 pounds Net Explosive Weight (NEW). (Note: The handling of
small quantities of munitions excludes major facilities such as the Naval
Weapon Station, Yorktown; it does include facilities such as those located
at Charleston and San Diego).

In the past, the Navy has operated under Explosive Safety Quantity
Distance (ESQD) waivers at most of its tidewater port complexes during explo
sive handling operations which are necessary to maintain fleet operational
readiness requirements. Much of the problem that brought about the imposition
of these waivers in the first place resulted from the application of Department
of Defense Explosive Safety Board (DDESB) general standards to specific Navy
operations at these ports -- operations that are less severe and more limited
in scope than those to which. the DDESB standards are generally applied. These
DDESB standards, as interpreted by the Navy are an ESQD arc of " ... 670 feet
for 100 pounds NEW (New Explosive Weight) or less. For 101 to 30,000 pounds
NEW, the minimum distance will be 1250 feet unless it can be shown that fragments
and debris from structural elements of the facility or process equipment will
not present a hazard beyond the distance specified ... ,,1

The Navy recognizes the necessity of maintaining adequate safety standards.
Moreover, it accepts the DDESB criteria for acceptable hazards. These criteria
are:

1. Less than 1 psi blast overpressure, and

2. A hazardous fragment flux evaluated for the ground surface area of
less than one hazardous fragment per 600 ft 2 . A fragment is considered
hazardous if it has an impact energy of 58 lb-ft or greater~

It is recognized that the DDESB's policy is to make changes in the ESQD
tables if it is demonstrated that the new arcs for each specific scenario
are realistic and do not compromise safety.

lArnmunition and Explosives Ashore: Safety Regulations for Handling, Storing,
Production, Renovation, and Shipping, NAVSEA OP5, Vol. 1, Rev 10, 1 Nov 1981.
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In essence then, each Naval munition or weapon system must be examined
to answer the following questions:

:'
1:. Given the detonation of one round, what are its effects on any

surrounding rounds? Will the surrounding ordnance sympathetically
detonate! What is the Maximum Credible Event (MCE)?

2. For the MCE, and applying the DDESB standards given above, what is
an appropriate ESQD arc?

The approach has been two-fold -- analytical and experimental. Predictions
are made using the analytical techniques developed for this program. These
predictions are then verified experimentally. When the theory is inadequate,
it is ~eveloped/refined and experimental tests are conducted to determine
relationships from the data. The analytical techniques form the NESIP Technology
Base, which was described by Porzel2 at the 1980 DDESB seminar. Currently,
approximately 60% of the effort is analytical and 40% experimental. At the
onset of the program, all analyses/predictions were verified experimentally
(100% testing). As the results of these analyses and predictions were compared
with the experimental data, it became obvious that less testing would be .
required. In every case in which differences occur between the Technology Base
predictions and the experimental results, the Technology Base has been more
conservative (i.e., required a larger ESQD arc). Because of the development
of the Technology Base, answers to ESQD problems can now be obtained much more
easily and reliably. The technology is now well-developed and operable. It
is used for analysis and test guidance. Together -- analysis and tests -- they
are giving the answers to the questions asked: "What are the ESQD values for

·specific Navy Scenarios?"

···Because of the development of the Technology Base and its successful
application, the CNO introduced3 ,4 in 1979 a mandatory requirement that all
programs for the development and introduction of new weaponry into the fleet
include analyses developed by the NESIP and/or verifying tests (as recommended
by NESIP) to insure the timely availability of hazard information for review
by the Weapon Systems Explosives Safety Review Board (WSESRB). The CNO specifi
cally tasked Milestone 11-1 of the NESIP to assess the sympathetic detonation
characteristics and the explosion hazard effects of weapon systems that are
presented to the WSESRB. The·se efforts are to be funded by the weapon systems
project managers. If the weaponry is found to be unacceptably hazardous,
then the NESIP Milestone 11-1 is to fund an effo~t to reduce the hazard to an
acceptable level.

2Porzel, F. B., "Technology Base of the Navy Explosives Safety Improvement
Program." Minutes of the Nineteenth Explosives Safety Seminar, Los Angeles, CA,
11 September 1980.

3CNO ltr Ser 411F/318499 of 5 Feb 1979.

4NAVSEA ltr 04H3/EAD Ser 363 of 22 May 1979.

288



'--'. ~:_.~-,-_--:.._._--, ~--.. -. '"-''' -- -'.-

In 1978, Petes5 presented an outline of this milestone and certain of
its accomplishments. Table 2 presents a summary of the weapons/scenarios which
have been examined (analyzed and/or tested) since the program inception.
Many of these findings have been reported previously in some detail 2 ,6-15
in the open literature.

5
Petes, J., "The Navy's Explosive Safety Improvement Program for Pier Side
Munitions Operations," Minutes of the Eighteenth Explosives Safety Seminar,
San Antonio, TX, 12-14 September 1978.

6
Porzel, F. B., "Design of Lightweight Shields Against Blast and Fragments,"
Minutes of the 17th Explosives Safety Seminar, DOD Explosives Safety Board,
Denver, CO, 1976.

7
Porzel, F. B., "A Model and Methods for Control of Sympathetic De-conation,"
Minutes of the Eighteenth Explosives Safety Seminar, DOD Explosives Safety
Board, San Antonio, TX, Sep 1978.

8uartin, G. H., "The Explosives Hazard Presented by the Torpedo Magazine of
a Guided Missile Frigate (FFG Series) During Pier-side Topping-Off Operations,"
19th DDESB Seminar, Los Angeles, CA, Sep 1980.

9Connor, J. G., "Hazards from Accidental Explosions in Submarine Tender
Workshops," Minutes of the Nineteenth Explosives Safety Seminar, DOD
Explosives Safety Board, Sep 1980.

10Ward , J. M., "Simulated Tomahawk Missile Handling Arc Test Results," Minutes
of the Eighteenth Explosives Safety Seminar, DOD Explosives Safety Board,
San Antonio, TX, Sep 1978.

11 -
Ward, J. M., "Blast/Fragment Hazards Associated with Accidental Explosion of
a MK 82 Bomb Pallet," Minutes of the Nineteenth Explosives Safety Seminar,
DOD Explosives Safety Board, Sep 1980.

12Porzel, F. B. and Ward, J. M., "Safety Analyses of the Machrihanish Magazine,"
NSWC TR 79-359, Naval Surface Weapons Center, White Oak Laboratory, 1979.

13Porzel, F. B., "Propagation of Explosions in the Machrihanish Magazine:
Vulnerability of Thin-Cased Munitions to Massive Debris," Vol. 5, Seventh
Quadripartite Ammunition Conference, London, England, Oct 1979.

14Swisdak, M., Jr., "Determination of the Safe Handling Arcs Around Nuclear
Attack Submarine," Minutes of the Nineteenth Explosives Safety Seminar,
DOD Explosives Safety Board, Los Angeles, CA, Sep 1980.

15Connor, J. G., "Shields for Decelerating Munitions Fragments," Minutes of the
Eighteenth Explosives Safety Seminar, DOD Explosives Safety Board, San Antonio,
TX, Sep 1978.
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The remainder of this paper will review some of these findings. In addition,
some of ,the previously unreported results will be presented. Other papers
at this seminar will discuss still other facets of the work. Finally, several
on-going experimental programs will be briefly discus~ed.

A major emphasis in the program has been the ESQD arcs required for tor
pedoes. The work was begun with obsolete MK 16's and is currently continuing
with the newest MK 48's. It was discovered that the torpedo warhead fragments
are not the culprits, since the warheads are relatively thin-skinned. The
fragmentation hazard range is driven, rather, by parts of the truck or other
vehicles used to transport the warheads. The ESQD arc for two torpedoes in
the open is within 500 feet. When the torpedoes are placed on a truck, however,
the ESQD arc extends well beyond 500 feet. This is because the truck ,becomes
a major,;,source of large secondary fragments. Through the use of a simple
shield the warhead detonation was decoupled from the truck, reducing the hazard

-ranges to an acceptable level. This simple shield design is shown in Figure 1. 6

Another part of the torpedo effort has been work done to reduce the MCE.
At the spacings generally encountered in torpedo magazines aboard ship, if one
torpedo detonates, the remainder should sympathetically detonate. The simple
expedient of nose-to-tail stowage (as opposed to nose-to-nose stowage), as
shown in Figure 2, reduces the liklihood of sympathetic detonation. If, in
addition to nose-to-tail stowage, inhibitor plates are placed between rounds,
the MCE,i,can be limited to one warhead. (Note: sympathetic detonation is
inhibited; lower order reactions such as burning are not automatically excluded).
This has been demonstrated previously for MK 16 and MK 46 torpedo warheads.
A recently completed experimental program has demonstrated the feasibility of
this concept for MK 48 torpedo warheads.

It ,should be noted that the NESIP simply recommends methods of reducing
sympathetic detonation and the ESQD arcs. The actual design and retro fit of
these concepts are engineering problems that are being handled by the various
ship engineering offices.

As part of these same studies, it was found that the OTTO Fuel does not
detonate for the projected threat scenarios and thus does not contribute to
the MCE.

Another effort 11 has involved the ESQD arcs produced by the detonation of
pallet loads of MK 80 series bombs. The program has shown that if one H-6
filled bomb in a standard pallet configuration detonates, the remainder of the
bombs within the pallet will also detonate within 300 microseconds. Further
more, if pallets are stacked one on top of another or side-by-side as closely
as possible, and if detonation begins in one pallet, it will spread to the
surrounding pallets. Thus the MCE is the number of pallets in close proximity
multiplied by the number of bombs in each pallet.

If ,the HCE is limited to a single pallet (approximately 900 to 1900 pounds
NEW for.bombs in the MK 80 series) resting on a flat surface in the open, the
ESQD arc can be defined for this scenario. Test results indicate that for both
MK 82 and MK 83 bombs (and by generalization all bombs in the MK 80 series),
the ESQD arc is controlled by airblast and not by fragmentation. Figure 3 is
a plot of NESIP generated pressure-distance data for MK 80 bombs (scaled to one
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pound at sea level). One psi occurs at a scaled range of 56 ft/lb 1/ 3 (approx
imately 600 feet for pallets of MK 82's and MK 83's and 700 feet for MK 84's).
As part of the NESIP procedures, this data was compared with multi-source
archival MK 80 data as shown in the next figure (Figure 4). The solid line
in this figure is the NESIP Technology Base prediction for H-6 (Equivalent
Weight of 1.3) in a steel case (case weight to explosive weight of 1.5). All
of the data as well as the prediction are in excellent agreement.

As determined by NESIP tests, the ESQD arc based on fragmentation for
single pallets of MK 80 series bombs is within 500 feet (i.e., less than one
hazardous fragment per 600 square feet ground surface area). It should be
noted that hazardous fragments do travel beyond 500 feet from ground zero.
However, there is no physical reason why the ground surface areal density
should be anything but a decreasing function with range beyond SOD feet for
these naturally fragmenting bombs. This has, been investigated in a"·series
of tests conducted at White Sands Missile Range, New Mexico by the Terminal
Effects Branch of the Naval Surface Weapons Center. In these tests, pallet
loads of bombs were detonated and fragments recovered out to at least a range
of 2000 feet. Analyses of these data are continuing.

A study was recently completed of the PENGUIN missile system. This is a
Norwegian developed missile utilizing a BULLPUP A warhead as shown in Figure 5.
The U. S. Navy plans to configure four missiles on a MK 3 patrol boat, as shown
in Figure 6. Analyses indicate that if one warhead detonates, the remaining
warheads and all the solid propellant will sympathetically detonate. OP-5 1 and
Porze1 2 indicate that for the PENGUIN propellant, 'a TNT equivalency of 25% is
appropriate for determining the MCE. Based on a single missile (warhead plus
propellant contribution) the ESQD arc is 300 feet. For a four missile (MK 3)
configuration the ESQD arc is 485 feet. Again in this instance, blast deter
mines the arc, not fragmentation.

Because of the questions raised by this and other studies, the NESIP has
undertaken a program to determine the TNT equivalency of several standard
Navy gun and rocket propellants. The tests will be conducted on several types
of propellants (single and double base solid propellants as well as two types
of gun propellants). Care is being taken to maintain that all charges are
above their critical diameter for detonation, and that the initiation stimulus
is more than sufficient to achieve detonation (explosive boosters whose weights
are approximately 10% of the propellant weight being tested).

Another recently completed study is that of the Mine Neutralization System
Bomblet (DESTRUCTOR MK 14 MOD 0) (Figure 7). This is an underwater bomb
designed to be dropped from a submersible. The case is non-metallic, with a
nine-pound lead ballast in the nose. Calculations indicate that the weapon
in its shipping container will mass detonate when stacked in a side-by-side
configuration. The ESQD hazard range is determined solely by airblast; the
case and container fragments do not contribute to the range. Up to nine weapons
can mass detonate and still meet the desired hazard criteria at 500 feet. The
palletized configuration of this weapon has not, as yet, been determined. These
results will be used in "defining a "pallet load." The lead ballast in the nose
of each bomblet constitutes a special fragment hazard, in that it is massive
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and may be expelled nearly intact. If the ballast is expelled near an optimum
launch angle, it could go up to four miles. Moreover, the ballast would
constit~te a single fragment or a relatively small number of fragments so that
the areal density at 500 feet should not exceed the acceptable hazard criterion.

The NESIP (Milestone II-I) program effort has been an on-going program for
about eight years. During this time, it has answered safety/hazard questions
for many Navy weapon systems. Moreover, it has produced a broad data base which
can be applied not only to safety problems but to vulnerability problems as well.
One example of this data base is the answer to the question "What are the initial
fragment velocities produced by Navy weapons?" The answer is usually known for
fragmenting weapons; however, fragmentation data is usually not of concern to
the torpedo designer. Table 3 presents a compendium of NES1P fragment velocity
data extracted from the data base.

The results of the entire Milestone 11-1 effort can be summarized as
follows:

All current Navy weapons and scenarios which have been tested or analyzed
thus far are either acceptable hazards near 500 feet or could be made so.

The program is continuing. As indicated above, the emphasis this year has
been on problems associated with submarine tenders (ESQD arcs for workshop
accidents and sympathetic detonation inhibitors for MK 48 torpedoes) and the
TNT equivalency of propellants. Future efforts will continue the propellant
equivalency work and begin studies of preformed fragment warheads and LFORM
ammunition and ships .

. l_
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TABLE 1 NESIP PROGRAM

MILESTONE
NO. TASK

I. OVERSIGHT AND REVIEW OF PROGRAM

1-1 PROVIDE NESIP SUPPORT SERVICES TO OPNAV

1-2 CONDUCT PERIODIC REVIEWS OF NESIP

1·3 CONDUCT AMHAZ REVIEWS

1-4 MAINTAIN WAIVER DATA BANK

1-5 MAINTAIN CAPABI L1TY FOR EXPLOSIVES SAFETY INSPECTIONS/SURVEYS:ON AN
18-MONTH BASIS, AFLOAT AND ASHORE

- -

1-6 REVIEW ACTIVITY MASTER PLANS FOR EXPLOSIVES SAFETY IMPLICATIONS

1-7 COMBINED WITH ACTION ITEM 1·5

1·8 MAINTAIN CURRENT THE STANDARD EXPLOSIVES SAFETY INSPECTION CHECKLIST
FOR SHIPBOARD INSPECTIONS

II. ISSUES WITH DDESB

11-1 PROSECUTE NAVAL EXPLOSIVES SAFETY TEST PROGRAM

11-2 INCORPORATE MAGAZINE IMPROVEMENTS IN LFORM AMMUNITION SPACES IN
AMPHIBIOUS WARFARE SHIPS

11·3 CHANGE HOMEPORT OF NORFOLK-BASED AOEs

11-4 PREPARE AND PRESENT ACTIVITY OR REGIONAL MASTER PLANS TO DDESB

11·5 CORRECTION OF DDESB-REPORTED EXPLOSIVES SAFETY DEFICIENCIES

11·6 FORMALIZE NAVY INTERIM EXPLOSIVES SAFETY STANDARDS 10PNAVINST 8023.21AI

II·7 ESTABLISH STANDARD PROGRAM FOR COMPUTING NET EXPLOSIVE WEIGHT (NEWI

III. OTHER SIGNIFICANT PROBLEM AREAS

111-1 IDENTIFY MILCON PROJECTS FOR INCLUSION IN INVESTMENT PROGRAM 55
(DIRECTED EXPLOSIVES SAFETY INVESTMENT PROGRAM)

111·2 PROCESS WAIVER REQUESTS/UPDATES!VALIDATIONS

111·3 ANAL YZE ABSLA'S TO MINIMIZE WAIVER NEEDS i
111-4 NO ITEM ASSIGNED

I
111-5 CANCELLED

111-6 CLOSURE OF PORT CHICAGO HIGHWAY
I

III-7 SMALL ARMS TARGET RANGES: DESIGN, CERTIFICATION, WAIVERS I
I

111-8 PROSECUTE THE NAVY EXPLOSIVES SAFETY FACILITIES PROJECT i
I

IV. POLICY GUIDANCE MATTERS ,,

IV·' MAINTAIN CURRENT THE NAVY EXPLOSIVES SAFETY POLICY GUIDANCE DOCUMENTS
!

(e.g., OPNAVINSTS 8023.2/.13/.20/.21, 8020.8, 5101.1, ETC.)

IIV·2 INSURE CURRENCY OF EXPLOSIVES ACCIDENT AND INCIDENT (EXPLOSIVES MISHAP)
REPORTING DIRECTIVE AND RESPONSIVENESS THERETO AT COMMAND LEVELS I

I
')')3



TABLE 2 WEAPONS AND SCENARIOS TESTED/ANALYZED

TORPEDOES

MK 16

MK 46

MK 48

PROJECTILES,

5"/54 (A·3)

5"/54 (EXP. D)

5"/54 HIFRAG

76mm

5" GUIDED

MISSILES

TOMAHAWK

HARPOON

PENGUIN

2.75" FFAR

TOW

SPARROW

BOMBS

MK 82

MK 83

ESQD FOR SHIPS

SSN 688 CLASS·

SSN & SSBN (ALL CLASSES)·

MK 3 PATROL BOAP

FFG·7**

MCE/NEW: MAGAZINES

FFG-7

AS-18·

MACHRIHANISH

SHIP VULNERABILITY TO PIER-SIDE ACCIDENTS

DDG-2

SYMPATHETIC DETONATION INHIBITOR DESIGN

MK 16 TORPEDO

MK 46 TORPEDO

5"/54 (A·3) PROJECTILE

MK 48 TORPEDO

•.. INCLUDES NESTED SHIPS

WORK IN PROGRESS
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TABLE 3 NESIP FRAGMENT VELOCITIES

CASE CASE AVERAGE INITIAL
MUNITION EXPLOSIVE MATERIAL THICKNESS VELOCITY VELOCITY

(IN.) (FT ISI"* (FT/S) ....

MK 16 TORPEDO HBX·1 BRONZE 0.125 9100 - ..

MK 46 TORPEDO PBXN·103 ALUMINUM 0.250 8200 - ..

MK 48 TORPEDO PBXN·103 ALUMINUM 0.250 9300 -
5"/54 A·3 STEEL' 0.66 4360 4630

76mm
(BARE) A·3 STEEL 0.66 3530 3680

76mm
(CANNISTEREDI A-3 STEEL 0.66 3070 3160

TOMAHAWK
IBULLPUP
WARHEADI- H61 STEEL 0.78 6000 7300
IN SHIPPING PICRATOL

CONTAINER

MK 82
(SINGLE BOMB) H-6 STEEL 0.50 6300 8000

MK 82
(PALLET) H·6 STEEL 0.50 9300 11,500

MK 83
(SINGLE BOMB) H-6 STEEL 0.50 7300 8500

MK 83
(PALLET) H-6 STEEL 0.50 10,200 12,700

.. EXTRAPOLATIONS ARE NOT INCLUDED FOR THINL Y·CASED MUNITIONS

.... AVERAGE VELOCITIES ARE BASED ON DIFFERENT MEASURED DISTANCES
FOR EACH MUNITION

.... BASED ON EXPONENTIAL VELOCITY DECAY MODEL
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NESIP TECHNOLOGY BASE
(UTE (REF 2)}

NOTE: DATA ARE SHOWN FOR
ALL MK 80 SERII:S BOMBS
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YIELD AND BLAST ANALYSES WITH A lJ'JIFIED THEORY OF EXPLOS10NS (UTE)

Summary

\}Yield is the most significant single number measured on any explosion because
all effects --sympathetic reactions, fragments, blast damage-- derive from it.
UTE offers the only adequate way to relate all explosions: non-ideal, any media,
over all ranges in air, underwater, underground, confined spaces, heavy cases etc.
The Form Factor and Lead Time are new extensions intended for safety analyses.
A key idea in the form factor is to define average energy density in the blast wave
relative to the peak value at the shock; it is the tacit assumption in scaling now.
Lead, Time means the difference in TOA between a sound signal and a shock wave;
it scales, is a sensitive measure of yield and is nearly constant at long range.
Applications include: absolute measure of prompt and delayed yields for blast,
sympathetic reactions, fragments, propellant yield, surface effects, analysis
with sparse data and simplified instrumentation.

P\
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YIELD AND BLAST ANALYSES WITH A UNIFIED THEORY OF EXPLOSIONS
Francis B. Porzel

Naval Surface Weapons Center

1. UTE Methods for New NESIP Problems

Yield means the blast or hydrodynamic energy released by any explosive
and is the single most significant number to be measured in tests of any explosion.

All effects derive from yield and in principle can be predicted using it:
* Primary fragments: their sizes, shape, number, initial velocity of trajectory,
* Close-in blast, regarding both initial containment and secondary fragments,
* Low pressure damage, especially to specify the range where 1 psi occurs,
* All sympathetic reactions -detonation, deflagration, burning, their degree-

be it directly from blast or via fragment and thermal loads it produces.
In fact, the Maximun Credible Event (MCt:) really means the overall yield.

The Unified Theory of Explosions (UTE)l was developed for just such needs.
UTE offers the only general way to describe any explosion: nuclear, non-ideal HE,
over all ranges in air, underwater, underground, confined spaces, heavy cases etc.
UTE offers two dozen concepts as tools to treat dozens of real non-ideal effects,
nearly all being unknown or ignored in idealized classic theory and hydrocodes.
A key idea in UTE is "prompt vs delayed" energy; it asserts that natural processes
release some energy instantly, some more slowly, reinforcing blast farther out;
much is trapped behind .the negative phase too late ever to support the shock front.
This separation is manifest by phenomena like afterburning, secondary shocks,
and the most dramatic feature of any explosion: The fireball J! delayed energy.

The NESIP Technology Base2 itself rests on the Unified Theory of Explosions and
much success in NESIP tests is due to versatile and accurate analyses with UTE.

Current NESIP problems now raise new and more specific questions about yield.
For sympathetic reactions and in the design of inhibitors to prevent them:

* How much energy is released in a partial or in a low-order detonation?
* What are the actual prompt and delayed fractions in afterburning explosives?
* How to live with the large scatter of pressures measured in the real world?
* How to live with the narrow range of feasible, affordable measurements?
* What are the absolute energies involved in various modes of energy release?

For hazards involving propellants:
* What are the yields of a propellant on an absolute basis, detonated alone?
* If set off by an explosive warhead, how much does the propellant add

to the prompt or delayed yield of the main explosion? Any new hazards?

fa meet these new needs for NESIP, two major advances have been developed for UTE:
* A "form factor" method for bookkeeping the energy within a blast wave,

to describe variable rates of afterburning, notably in heavily aluminized HE.
* A "lead-time" method, a simple reliable way to get yield from time-of-arrival.

They have widespread application to many explosion problems for NESIP and others.
The purpose of this paper is to describe these new methods briefly, show the code
and to test them by comparisons with.a broad spectrum of field measurements.

1. All references are listed at the end of the text, before Appendix A.
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2. Form Factor Concept and Method

R

Available
Internal W

+
Kinetic

Energy K
distance r

radius R as the integrated sumIf we define the yield VCR) at any shock

R 2
VCR) = 4pi/ (W + K)r dr

o
normalize the integral, multiplying/dividing by the peak overpressure P -P ,

so)and by the mean value of any factor (like the available fraction A of energy at P

VCR) =4p i R
3

(P -P )Afl [W + K]l[ (i) 2.9..£.]
3 sop _ P A (R) R

o s 0

Thus F becomes the dimensionless fraction specified by the definite integral.
Rigorously, we can just simply define a form factor F such that

yield volume 3 0' pressure mean A form factor
VCR) = (4pi/3) R P A F

The form factor F is defined to mean
the average hydrodynamic energy W+K in the wave
relative to their peak sum E at the shock front.
It is the ratio of the area sRown here as F
to the "square wave" as if E were constant at E .

s

This definition for F is deceptively simple but is a powerful hydrodynamic tool.
Many man-years and $millions were spent since world War II on elaborate hydrocodes,
mostly to calculate pressure-distance curves with highly over-simplified models.
Yet, both A and F are readily prescribed by the overpressure ratio (P /p -1);
50 we can always obtain the shock radius R at any pressure P simply Sfro'fn

R
3

= VCR) P =overpressure, units consistent with Y and R
-(4jJT!3TpAF

To calculate R, the code decreases VCR) from its initial value Y by decrements
o

dY = -4pi Q R2 dR + Afterburning
losses gains

This can be done in bold steps, decreasing the pressure about 25% at each step.
The same steps are used also for integrating the time of arrival of the shock wave.

A and F always appear together and here is an exact way to calculate AF.
For exposition, let Q here mean the net loss (waste heat) and gain (afterburning).
Then the ratio of thz dissipation equation (dY=) to the definition for F (Y=):

dY= ~Q R
3

dR 3(Q/P)dR - . .
- Y =(4pi/3)R PAF AI" R

gives
dY/Y 3G/P and AF = 3Q/P
dRlR = 7\F dTnY/dln R

The machine code uses the local value of din Y/dln R from each previous step,
because din Y /dln R varies slowly, from about -.5 at high pressure to -1 at low.
Thus AF is bounded between 6GJ/P at high pressures and 3Q/P at low pressure.
Figure 1 shows these bounds and the transition region for the function AF vs p.

Analysis shows that AF goes !ike A(shock)/3 at high pressure, !ike AP 2/3 at low,
and a suitable approximation, to a few percent in Y, without use of din V/dln R,
and with a single parameter 1/3 for both high pressures and low, is:

AF :' A(shock)
3(1 + p o /p)2
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3. Lead-Time Concept and Method

Lead-time is a time-of-arrival method for measuring yield. With it we seek:
* An over-all measure of the shock history, sensitive to its early behavior.
* A way to circumvent uncertainty in yield from scatter in pressure measurements.
* Simpler instrumentation than the sophistication needed for good pressure data.

Time-of-arrival is an excellent measure for high pressure supersonic blast 3, 4, 5;
but at low pressure, TOA becomes sonic and an insensitive measure of shock strength.
On the other hand, time-of-arrival can be measured with exceedingly high accuracy.
Let us then measure the difference in time between the shock and a sound signal
and define, at any range R:

Lead-time = sound arrival - shock arrival time
LT R/C - T

This quantity ought to and does ~cale, is a sensitive measure at low pressures.
Best of all, it becomes insensitive to the range at acoustic strength, so that one
does not need an accurate gauge location --if the sound arri val is also measured.

As shown in Figure 2a, the early shock is highly supersonic: U»C. There
R = fUdt or T ={dR/U are both sensitive measures of °yield.

If we plot In R vs. In T as in Figure 2b, sound speed is a straight line, slope l.
But the shock time-of-arrival approaches it, partly because of the logarithmic plot.
Also, the lead-time ceases to grow as the "overvelocity" vanishes at low pressure.
As shown in Figure 2c, the lead-time approaches a scalable constant at long range.

In machine calulations, time-of-arrival adds up, using the same steps as for VCR):
TOA = dR/U U = local shock velocity

Because of the finite step size, an average value for l/U is used; thus
"dT" = T. 1 - T. = D/U. 1 + l/U.]*[R. 1 - R.J/2

1+ I 1+ I 1+ I

The time-of-arrival and the lead-time are scaled just as for distance scaling.
When the shock is strong, it is convenient, and a more independent measure to scale

Relative yield::: (Measured TOA/reference TOA)3.
When the shock is weak (below the transition press~e) we scale lead-times as

Relative yield = (measured LT/reference LT).

Figures 3 and 4 illustrate practical reasons for developing the lead-time method.
Large scatter in field pressure measurements is no doubt real, probably intrinsic,
because a pressure gauge "feels" only the pressure at its surface, regarilesr of
how rapidly pressure may vary in a boundary layer next to that surface' .
Figure 3 shows how pressure suffers from real variations both in space and in time
Spacewise, the dust-laden boundary layer, brush, rough terrain all deplete yield.
Timewise, the shock jets, and "rings" as it goes, in patterns that shift with time.
The time-of-arrival will more nearly follow the grand-scale average growth
of the hemisphere in free air above the ground surface, as ideali zed in Figure 4.
While some lag may occur due to drag in the boundary layer, the corresponding error
in lead-time is not nearly as severe as the pressure reduction from the same layer;
Field measurements will test whether this expectation of less scatter is realized.

We also expect the lead-time will better "remember" the early history of the wave.
If the explosion starts at low speed, is then sustained by afterburning,
the TOA could be longer, the lead-time less, than by an instantaneous explosion.
On the other hand, compensation occurs: the energetic shock wastes more energy early
and after running a long time more slowly, may arrive later than the afterburner.
UTE form factor calculations will show which is the stronger effect and how much.
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FIGURE 4. PERTURBATIONS ON TIME OF ARRIVAL
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4. Machine Code and Printout

Appendix A lists the complete code, is well-annotated and may be self-explanatory.
-Nritten in advanced BASIC for a personal computer, it uses two-digit variables,
compound statements in lines etc., but in principle could be copied and run as is.

I nput parameters appear at the top of thelflrintout (Tables 1, 2). T~y include:
Trial yield Y , here in joulesj 4.188 10 joules = 1 KT, 4.188 10 = 1 KG,
Mass M of e~plosive and immediate case, their specific energy H relative to air,
Initial radius RO: HE charge, isothermal sphere (nuclear), isobaric sphere (gas),
.I\mbient conditions: pressure P, sound speed C , and/or density D ,
Afterburning fraction AS of yo: Transition press'2Jre P t , strong to vgeak shock.

If any above are missing, the codg usually supplies a default value or computes one.
Input measurements for evaluation of yield include pressure P, range X, and/or TOA.

Major Options are included regarding input parameters, input data, and print-out.
Input any 3 of 4: yield YO, initial pressure PI, mass M or specific energy H.
If any are omitted (usually P. is unknown), the code wi II calculate it.
If all are given, the code wi/I recompute H to make it consistent with the rest.
If P, X or T data are omittedj the code prints predictions anyway.
Time may be input either as discrete data or by a fitted curve. (So could distance).
Print-outs can be predictions only, + diagnostics, or yield analyses with graphs.

Major Computation Blocks (15 in all) are set off by remarks in the LIST.
Of interest as a guide to the code, they are listed on the first page of Appendix A.

Computation Procedure. After the predictions for conditions at the ch_a1ge radius:
1. Select a new pressurej next data or reducing the previous P by 10· = 1/1.26.
2. Compute waste heat Q, afterburning increment YA, available energy fraction A,

form factor wi A as AF, shock velocity Uj all are functions of the pressure.
3. Compute yield decrement Y1, afterburning YA'3 new YiJ!f3 Y = y. - Y1 + VA,

then iterate for "mass-corrected" radius Z =(R + H*M) ,then 1get R from Z.
4. Calculate TOA from dT = dRiLl, and new TOA = old TO,A + dT~ b d
5. Calculate relative yield from range, essentially as (measured/calculatedlu ~ a
6. Calculate relative yield from TOA or lead-time, as (measured/calculatedlu e .
7. Summarize with an average yield relative to input yield, for range and/or TOA

including the standard deviation of the measured yields about their mean.

Table 1 illustrates a printout of close-in predictions of a massless explosion: M=O.
The initial pressure PI and radius RO mark the end of a nuclear radiative phase.
The isothermal sphere implies a "square wave", i.e. larger form factor than normal,
nor can the interior gas be accelerated instantly to reproduce a normal blast wave.
The code allows it to do so gradually by computing an "inertial mass" as shown.
The point is: In a gaseous explosion, spark gap, or any other non-ideal blast wave,
a like initial dissimilarity occurs and will be so accommodated with all UTE codes.
!/ve note that the inertial mass found, 544 kg :: mass of air engulfed at that radius.

Table 2 illustrates another printout option that graphs the relative yield from TOA.
It compares predicted lead-times for a Mk 48 torpedo with the field test data.
Initial yield included a ground reflection factor 1.5 and afterburning of PBXN 103.
The ambient conditions are for the test site at Socorro, NM, altitude:: 5200 feet.
The input mass was 1038 pounds, essentially the warhead, most of which is P8XN-I03.
This was the very first test of the code. The relative yield is plpHed as T (time).
The TOA yield, .90 predicted, means lead-time itself is within.9 =.965, 3.5%.
Also Shown, not plotted, are the pressure results: relative yield 1.099, 3.2% in R.
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TABLE 1

l.J\IIFIEO Tl-£CRY CF ~SICNS (UTE), Fffivl FPCTrn. rvEll-Q) tN) TItvES
N..O...EPR CDvFDS ITE ~TA, 1'0..TR 72 - 209
Total Yield = 4.18879E+12 Input mass = 0 Input H = .25
Ambient pressure = 100000 Ambient density = 1.16271
Ambient sound speed = 347 Inertial mass = 544.037
Afterburning fraction = 0 COrrplete at Pt/Po = 1.99526
O'~SSlRE RADI15 YIELD ~IV,l)L TItvE lEAD TltvE

~': . ,

79432.9
63095.8
50118,7
39810.7
31622.7
25118.8
19952.5
15848.9
13600
12589.3
10000
7943.29
6309.56
5011.86
3981.06
3750
3162.28
2511. 89
1995.26
1584.89

4.21063
4.51563
4.83647
5.17656
5.60958
6.06141
6.53499
7.03314
7.37917
7.55862
8.11427
8.70291
9.32753
9.99126
10.6957
10.8641
11.3621
12.079
12.8509
13.6825

.839084...

.818802

.798519

.778182

.75347

.728707

.703973

.679343

.663073

.654897

.630716

.60686

.583393

.560374

.537912

.532836

.518595

.499882

.481772

.464255

TABLE '2

9.50147E-06
1. 31606E-05
1.74959E-05
2.26698E-05
3.00725E-05
3.8739E-05
4. 89312E-05
6.09603E-05
7.01477E-05
7.51919E-05
9.20832E-05
1.12161E-04
1. 36065E-04
1. 64565E-04
1. 98504E-04
2.07216E-04
2.34559E-04
2. 78187E-04
3.30994E-04
3. 9494E-04

.0121249

.0130002

.0139205

.0148954

.0161359

.0174293

.0187839

.0202075

.0211955

.0217076

.023292

.0249683

.0267445

.0286287

.0306249

.0311015

.0325092

.0345317

.0367034

.0390359

R.N

LN IFlED Tl-£CRY' CF EXPLOS IQ\lS (UTE), FtRv1 FPeTrn. rv£TH:D A"D TlIVES
IN-lIBITrn TESTS CN f'vt<48 ~S, JlJ\E 1982, ffiELIMlNORY ~TA St-OT III
Total Yield = 3.85452E+09 Input mass = 471.252 Input H = .~
Ambient pressure = 83000 Ambient density = .991783
Ambient sound spees = 342.29 Calculated Initial Pressure = 1.08279E+07
Afterburning fraction = .3 Complete at Pt/Po = 1.99526
p/PO fOA Yield ~as. T.6 Relative ]]A Yield 1.4

.456874 .884941 .0679804 T

.376298 .762048 .0809575 T

.223453 .938644 .128332 T

.201855 .88243 .140158 T

.154507 .983428 .176062 T

.0930362 .933178 .268408 T

.0880522 .915598 .280596 T

Yield, relative to input = 1.09959
Standard deviation, % = 21,1099 based on 7 samples, P=) 1 psi
~ Yield, relative to input = .900038
Standard deviation, ]]A yield, % = 7.77284 based on 7 samples
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5. Test of Methods with Nuclear and HE Data

The form factor and lead-time methods were tested against a broad spectrum of data.
Nuclear data check on absolute yields by their radiochemical and hydrodynamic yields
and check the equation of state more severely at higher pressures than HE reaches.
HE data check non-ideal effects like large mass, afterburning, and secondary shocks.
The broad range of data checks for self-consistency and exposes systematic errors.
Figures 6 to 10 graph the detailed results and Table 3 summarizes them.

Blast theory is usually checked against data by pressure-distance plots like Fig. 5.
But as seen there, UTE matches composite data so closely that graphs are inadequate.
Instead, UTE computes the relative yield at each pressure level and we plot that.
On Figure 5, the line widths approach 3% in radius, 1O~ in yield, too small to see.
On Figures 6 to 10, the three central lines are relative yields of 1.0 ~ 10%,
as if the graph of Fig 5 were blown up to broaden the lines to the band width shown.

l-KT Nuclear Composite1, 7 (Fig 6) covers from 13600 to· .07 bars, 105 times. 7
The average yield 1.024 KT ~ 5.3% matches the line width of the source curve '3

. and is significant because'the high pressures are superbly accurate fireball data.
The TOA yields also are excellent at high pressures; overall is 1.08 KT ~ 14%.
The excursion at low pressures is probably due to a fitted time-of-arrival curve.
The consistency in yield is assurance that the high pressure UTE equation of state
is realistic relative to the ideal gas law, used for air at pressures below 10 bars.

KING Fireball} (Fig 7) is probably the best pressure-distance data in existence:
high yield, air drop, negligible mass effect, all-fission, a perfect circle fireball.
Radiochemistry gave 545 KT, hydrodynamic yield 555 KT, fireball scaling 595 KT.
Here, pressure and TOA both give 586 KT; scatter of 3-7% is round-off error in data.
This one test is definitve: all the measured data are digital --no graphing errors.

Nuclear Blast Standard8 (Fig 8) is not data but an artifical viscosity hydrocode.
The absolute value of yield .997 KT checks superbly, but the scatter is over 14%.
Its initial pressures are known to be 50% IO"':lflom actual fireball theorY_la~~ data.
At low pressure its P-R c:.~rve decays like R " flatter than UTE, P-R • .
Classic theory predicts R ,but field measurements always decay much faster.

l-~C2.-TNT Composite9 (Fig 9): splendid agreement/consistency, up to the charc;!1'4
and for .07<p7p <2, the UTE calculation agrees well with often-measured P-R . l'
The excursion bglow .07 bars is probably not real, but old data piously fit to R- .
The absolute yield is .714 KG, 714 cal/gm; earlier UTE methods gave 720 cal/gm.

l~G H6 Composite9 (Fig 10J is a check with a heavily aluiminized explosive,
where the afterburning fraction is estimated as .30. The consistency 5% is suberb.
The absolute yield is 1.014 KG HE, or 1014 cal/g, equivalent to 1.4 times TNT.

Previous UTE, DSC1 (not shown) has been used successfully on so many NESIP and
other tests that it is of interest to use a DSC calculation (M=O) as input data here.
The result: Relative yield 1.00000, ! 3.5%, no sensible difference between them.
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TABLE 3

TESTS OF ~ FORM FACTOR} _ METHODS
LEAD·TIME

VERSUS NOMINAL SPAN, BARS YIELD % CONSISTENCY

NUCLEAR COMPOSITE 1 KT 13,600 ..... .07 RANGE 1.029 KT ± 5.3
(FITTED TOA) TOA 11.087) (14.8)

KING FIREBALL 555- 1,900 ..... 46 RANGE 586 KT ± 3.6
( . 595 KT TOA 586 KT ± 6.8

AIR FORCE 1 KT STANDARD 1 KT 10,000· ..... .07 RANGE .997 KT ± 14.6

TNT COMPOSITE 1 KG 47 ..... .07 RANGE .714 KG ± 8.6

H-6 COMPOSITE 1 KG 8.3 .... .16 RANGE 1.02 KG ± 5.1

UTE DSC CONSTANT "q" 13,600 .... .07 1.00005 ± 3.6

INDIVIDUAL POINTS
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\ I I
NUCLEAR: 1 KILOTON

104 UTE

\ ¢ ARFD125 COMPOSITE DATA
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TNT: ONE POUND
---- UTE
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FIGURE 5. COMPARISON OF UTE PREDICTIONS WITH NUCLEAR AND TNT DATA
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6. iViK. 48 Torpedo Inhibitor Tests

Recent field experiments on the design of inhibitors 2, 10 for the Mk 48 torpedo
provide an opportunity to test/apply these new methods to a typical NESlP problem.
The test set-up is shown at the top of Table 4; essentially, it was a donor warhead
flanked by two acceptor warheads, with inhibitor plates between them, on each side.
On one side the plates were steel, on the other side aluminum, thicknesses as shown.

, Detonation was suitably instrumented with witness plates, cameras and flash panels
and in a blast line by pairs of pressure-time gages near 140, 240, 300, 400 feet.
t:ven so, critical questions arise in all such tests:

If the witness plate did hole, did full detonation of the entire warhead occur?
If it did not hole, could the charge have moved and a delayed detonation occur?

To understand either case, we need to measure the yield output for each event.

The test 'results were unequivocal and corroborative among all the test evidence.
Shots 1 and 2: no acceptor detonated. Shot 3: the aluminum side holed in situ.
The 140 and 240 foot gages on Shot 113 had double pulses that coalesced by 300 feet.
Still the critical questions remain: How much energy did each shot yield?

Peak pressure· results are compared on Figure 11 with the pre-shot calculations.
The data on III seem somewhat low, on 112 somewhat high. But scatter makes it doubtful:
t:xcepting two "low" points on Ill, one "high" on 112, 13 remaining points replicate.
Shot /13 leaves no doubt the curve beyond 300 feet represents twice the yield.

The corresponding pre-shot estimates and lead-time data are shown on figure 12.
Now there is no doubt that Shot 112 was larger than lil, nor. that Shot /13 was double.
Considering this was the first test of a lead-time prediction on HE, it checks well.

Relative "yields on shots 1 and 2 are plolted on Figures 13-14+ summarized on Table 4.
Compare the pressure results: 1012 KG - 21.1% vs. 1386 KG - 17.9%.
The ratio 1386/1012 = 1.37 is impressive, except that 37% is not far different from
the arithmetic or the Pythagorean sum of deviations, 21.1+17.9. One is just not sure.
Now compare lead-time yields: 828 KG : 7.8% vs. 1108 KG : 6.8%.
Again: 1108/828 :::1.34 is impressive and 34 is more than twice any sum of 7.6 and 6.8
These confidence levels make a strong, objective case for the merits of lead-;time.

As Table 4 indicates, the yields on shot 3 were definitely doubled, by either method.
but no predictions had been made with history effects for catch-up of second pulses.

We have yet to resolve why the lead-time gives lower yields on both shots 1 and 2.
Compare range/lead-time: 1012/828 = 1.23 (shot 1) and 1306/1108= 1.25 (shot 2).
It is precarious to prognosticate with preliminary data until they really do firm up,
but two main ideas are noteworthy here: 1. measuring sound velocity, 2. reflection.
Among many ways to measure sound velocity --absolute temperature + wind velocity,
a microcharge fired just before the main shock, or compute C from the P-t data-
all three differed at the field tests, and we have not yet resoqved why.
On the other hand, the lead-time could well be telling us a real fact:
The calculations assumed the torpedo explosion reflected instantly off the ground.
Whereas we know it must have run for some time as a free air explosion,
and was slowed by the inhibitor plates and by the acceptor in that direction.
oJve also know that the shock is slowed by the dust-load in the boundary layer
The present results are based on sound velocity as calculated from pressure gages.
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TABLE 4.
MK 48 TORPEDO INHIBITOR TESTS

DONOR

______A_C_C_E_P_T_O_R~I...A_CC_E_P_T_O_R _

'INHIBITOR PLATES

YIELD (REFLE 1,) CONSISTENCY

Nm11NAL SPAN, PSI
SHOT ::;:1 1 1/2" ALUMINUM 1000 KG 10 ..... 1 RANGE: 1012 KG :t 21.1%

TOA: 828 KG :t 7.8%
=2 3/4" ALUMINUM 1000 KG 10 ..... RANGE: 1386 KG :t 17.9%

TOA: 1108 KG :t 6.8%
#33/8" ALUMINUM 1000 KG 10 ..... DOUBLED.

DOUBLED:

PRELIMINARY DATA AND ANAL YSES
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MK 48 TORPEDO INHIBITOR TESTS
SHOT ~1

PRESSURE
o

o

o
1.1 _
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1.1 _

o
o o

o

0.9-------

RESULT: 1012 KG ± 21.1%
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0.6 1 I I I I I I

o 00
0.9 ~O--.,..O-..;;;....;~

RESULT: 828 KG ± 7.8%
o

0.61 I I I I I I

OVERPRESSURE RATIO P/Po

FIGUREl3. RELATIVE YIELD VS OVERPRESSURE, SHOT 1
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MK 48 TORPEDO INHIBITOR TESTS
SHO'r #2
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FIGURE 14. RELATIVE YIELD VS OVERPRESSURE, SHOT 2

~27



7. Conclusions

1. Form Factor. The form factor method with the unified theory of explosions (UTE)
agrees well with nuclear and high explosive data, with earlier methods of UTE
and offers a facile way to describe non-ideal and non-spherical explosions.

2. Lead-Time. The lead-time method is a simply instrumented way to measure yield
at high and low shock strengths, with much less scatter than pressure measurements.

3. UTEFORiVI. Form factor and lead-time together offer a new powerful diagnostic tool
to sOi~the-unpredictably broad problems which explosion safety requires such as
sympathetic reactions, early blast history, unusual afterburning or energy release.

4. Absolute Yield. The definition 10
12

cal/KT = 106 cal/KG = 103 cal/gm
is a modern rational way to correlate any explosion: nuclear, chemical, other source.
It is necessary because:
Different HE's do not necessarily scale with each other nor with other sources.
That is, equivalent weight is certainly not constant at high shock strengths
and is not necessarily constant even at acoustic shock strengths.
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Appendix A

LIST for UTEFORM
Form Factor and Lead-Time Methods Vvith the Unified Theory of Explosions

Major Computation Blocks by Line Numbers:

0-199 Input parameters
200-299 Compute Pl. given YO and H
299-300 Compute IYI or H, given YO, PI and either M or H
400-450 Compute trial Y, if unspecified
450-500 Print column headings
500-570 Data processing and pressure selection
570-699 Energy gains, losses, new yield and range
700-800 Equation of state sub-routine
800-850 Energy gain and loss sub-routines
850-899 Form factor sub-routines
900-999 Time-of-Arrival sub-rountine
1000-1400 Input data: pressure, distance, time
1400-1500 E.xample: Fitted time-of-arrival sub-routine for a nuclear composite.
1500-1599 Relative yields from range and time-of-arrival
1600-2000 Yield, standard deviations and termination.

Hints: -.

1. Any consistent set of units may be used. 5
If. energy is in. joules, R in meters, M in k~, then 12 is in pascals =10- bars.
Line 50, as written,' converts from KT (4 pl/3 *10 ) to joules;
use line Sl to enter the KT, KG or cal/gm.

2. Change data with a line editor, it will save retyping the remarks in that line.
3. In general, the variables are defined by remarks the first time used in the LIST.
4. For help, call Fran Porzel, 202 394 1166 (office) or 703 533 7973 (home).

r
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o J =2 '0 = Predictions, 1= analysis, 2,3 = range or ]]A yield
1~..Any self consistent units may be used; P is in pascals for Y kg, R meters
5 !=RINT "N....CDvP/lJfS", D1.TE$, TItvE$: IF J=o TI-£N 15
1S FRINT "LN IF IED "ll-£CRY CF E>PLOS ICNS (UTE), FtRv1 F;:CTffi rv£TK)) ;:l/'{) TIIV£S"
23 ffi INT "N...O..EflR. ((}.1={)S ITE [)/),TA, 1'0..TR 72 - 209"

, 25 a = 4*3.141592/3 'Form factor for sphere; mech. eq of heat, 13.6 deg cal.
30 PO = lE5 'Ambient pressure; 1 bar = lE5 pascals =lE5 kg/m/sec'2
31 PO = 1~0 'Erases possible previous entry
35 EO = 2.5 : Ko = l/Eo +1 'energy and adiabatic coefficients, ambient
40 DO =1.1613 :CD = 1138.45*.3048 'input ambient density DO or sound speed CD or both
41 DO = 1.11613 'Erases possible previous entry for Do
43 IF CD > 0 TI-£N 00 = KO~0/CD"2 : OOTO 50 'CNerride DO by equation of state
46 IF CD = 0 Tl-£N CD = SCR(KO~O/OO)

50 YO = B*lO"12 'Yield; 1 KT = 10"12 cal = 4pi/3*le12 kg m"2/m-3/sec'2
51 YO =YO*1.0 'Relative yields from earlier runs or fits
52 'll-G :: 10"6 cal = 4pi/3*le6 kg m"2/m"3/sec'2
53 AB=.OO 'Afterburning fraction
56 YO = YO*(l.AB) 'Yield before afterburning
60 RO =4.2 'Radius of isothermal sphere or charge radius, 1 KT
61 RO = 1~0 'Erases possible previous entry
70 H = .25 'specific energy of debris to air; use .5 for massive
80 M =0
83 M = ~/B/DO 'converts rress to equivalent volume of air
85 IF RO = 0 Tl-£N RO = (MO/B/1500)"(1/3) ELSE 86 'Replace 1500 w/ 0 of charge
86 . ZO = (RO"3 + M)"O/3) 'Z = Sshock radius corrected for UTE rress effect
90 PI = 8£9 "
93 PT = PO*lO".3 'Transition pressure, book-keep end of afterburning
9S ~ = 3.5: yz =.5 'Default intial values for dlnQ/dlnZ, dlnY/dlnZ (ideal)
100 !=RINT "Total Yield ="YO/O-AB), "Input rress ='tvV, "Input H ="H
120 FRINT "Ambient pressure ="PO, "Ambient densi ty ="00
140 ffiINT "Amb i en t sound speed =''CO ,
199 RM••••••••••••CPTIo-l 10 CAJ...O...tATE PI, GIVEN YO PI'D H .
200 P = PI :IF PI >0 Tl-£N 300
210 PI = Y.0/B/ZO"3 'Trial value; A*F approx 1 for strong shocks
220 P :: PI
230 OOSLB 700
240 PF = A/3
250 Y :: YO*O-G/p) 'Estimate for waste heat of charge or isothermal sphere
260 P = Y/S/AF/ZO"3
270 IF ABS(P/PI .I) <.001 TI-£N 285
280 PI = P: ODTO 230 'Iterate for PI
285 RC :: PI 'Save revised pressure RC at charge surface
290 ffilNT 'ulculated Ini t ial Pressure ::"P
296 aJro 445
299 ~•...•...•••..•...CPTlo-l lD CAUCULATE H, GIVEN PI AND Y•...•..•.....
300 aJSLB 700
315 IF YO =0 TI-£N 400
320 Y = YO*(l-G/P) 'Waste heat in radiative phase or chargew/af = 1
330 IF MO>O AND H>O TI-£N 390
340 ZO=(Y/B/PI/AF)"(1/3)
350 MH = B*DO*(ZO"3 ~0"3)

360 IF MO = 0 TI-£N MO :: I'vH/H ELSE 380
370 FRINT "Inert ial mass ='tvV : IF J :: 0 TI-£N 380
380 IF H = 0 Tl-£N H = lVti/rvD ELSE 390
385 ffiINT 'ulculated specific energy H ::"H
390 M = Hitv1J/B/DO 'CaTputes "inertial volume" frern apparent mass
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399 R.EM•.•.•.••.•••••.•.OPTION TO CALCULATE Y (Needs debugging).
400 IF Y = 0 THEN Y = B*PI*A*F*ZO~3 ELSE 430
405 GOTO 930
410 YO = Y/(1- PI/POY(I/K -1))
420 PRINT ''Calculated initial yield YO ="YO
430 P = PI
445 PRINT"A fterburning fraction ="AB, "Complete at Pt/Po ="PT (PO
450 IF J<2 THEN PRINT"O'PRESSURE", "RADIUS", "YIELD","ARRIVAL TIME","LEAD TIME"
470 IF J<2 THEN PRINT" ", "Measured","Range Yield","Measured", "TOA Yield"
475 IF J = 1 THEN PRINT" Q/P"," Z"," YZ"," QZ"." AF"
480 IF J = 2 THEN PRINT "O'Press."TAB(lO)"Rel. Yld" TAB(20)"dlnY/dlnZ" TAB(30)".6",
490 IF J = 3 THEN PRINT "p/po" TABOO)"TOA Yield" TA8(20)"Meas. T" TABOO)".6",
491 IF J = 2 OR 3 THEN PRINT "Relative Yield" TAB(69)"1.4"
499 REM•.•.• ;•.•••••••••PRt:::SSURE SELECtION••.•...•.••••••••••••••.•.•.•••••
500 READ PX,X : IF PX = 0 THEN 1600
510 PX= PX*IE5
513 REM Use GOTO 525 with no measured times or if TX is in seconds
515 GOSU8 1400 'Sub-routine for fiited TOA curve
520 TX = TX/I000 'Fitted curve was in milliseconds
525 IF P>PX THEN N = .1*INTClO*LOG(PI)/LOGOO) ) : GOTO 540
526 PI = PX: H=O: XO =X : GOTO 300
530 N = N - 0.1
540 P = 10~N

545 IF ABS(Pl/p -1)<.001 THEN 530
550 IF P <PX THEN P = PX
560 GOSUB 700
570 REM, GAINS, LOSSES, NEW YIELD AND ARNGE .
580 IF QI = 0 THEN 630 'By-pass gain or loss at ROj avoid 10 error @l600
590 YH = Y +YA 'Add afterburningj hold Y as Z is iterated
595 IF QZ = 0 THEN 605 'IF Q = QI THEN Z =ZI and Yl = 0
600 Yl = 3*B*QI*(ZI A 3)/(QZ -3)*(1 - (Q/QI)~(1-3/QZ))

605 IF P<PT THEN YA = a 'No afterburning beyond transition pressure
610 Y = VH -VI
630 Z =(Y/B/P/AFY(1/3)
631 IF QI = a THEN 637
632 IF Q = QI OR Z = ZI THEN 635 'Circumvents repeated pressure problem
633 QZ = LOG(QI/Q)/LOG(Z/ZI)
635 IF ABS(Z2/Z - 1».00001 THEN Z2 = Z : GOTO 595
637 IF M>r3 THEN Z = (M +RO~3Y(1/3)

640 K = (Z~3 - MYCl/3)
645 ON ERROR GOTO 650 'Avoids dlO on initial pass
646 YZ = LOG(YI/y)/LOG(Z/ZI) 'Calculate dlnY /dlnZ for later USe in 870
650 GOSUB 900. 'Get time increment
660 T = T +Tl

·675 IF J >1 THEN 687
680 PRINT P/PO, R, vIVo, T, R/CO - T
687 IF ABS(p/px-l)<.OOl THEN GOSUB 1500
690 IF J = 1 THEN PRINT" "Q/p, Z," "YZ," "QZ," "AF
696 PI:P : QI = Q : ZI =Z : RI =R :UI =US :YI = Y:A1=AF
698 IF At3S(P/PX -1)<.001 THEN 500 ELSE 530
Ready
>

"'., ..

--- .,.--, ~.-~, :~':..:.., '. "
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shock

'Weak and second Shock, yz stable
'By passes troubles at transition pressure

699~ ~TION OF STATE SUB-ROUTINE.......••.....•..........
700 P =P/PO 'Equation of state is described best by pressure ratio
710 IF POD TI-£N E=2.5 :CDTO 760 'E is ratio =energy/PV, i.e.epsilonh
7Z0 IF P<100 THEN E= 2.5 + 1.5~(P/I0)/UJG(10) :COTO 760
730 IF P<700 TI-£N E= 4.0 + 1.55~(P/I00)/UJG(7) :COTIJ 760
740 IF P<1000 THEN E =5.55 -.55~(P/700)/UJG(10/7) :ODTO 760
745 IF P<4000 THEN E =5.0 - UOG(P/I000)/UOG(4) :ODTIJ ~60

750 IF P<40000 THEN E = 4.0 :ODTO 760
755 IF P>40000 nHEN E = 4.0 - .67~(P/40000)/UJG(2) :ODTO 760
7600= (Z*£ +1)*0 +P) +l)/(P + 2*£0 +Z) I density ratio, real gas
770 A = E*O +P)/P*(l- (l+P)-(-l/(E +1))) 'PrClTl=lt energy factor A :W'ork/(P-PO)V
780 K = l/E +1 'Same as epsilon = l/(k-l)
790 P = P*PO 'get back to absolute overpressures
799 ~.....••.. ....•..ENBR3V UJSS AND GAIN SUBROUTINE .
800 IF P/PO < .06 THEN 840 ~ 'Q' will soon truncate to 0 if you don't do this
805 IF P/PO <11.3 THEN 830 'Exact match w/ ideal gas ~ P=II.3, 3.4
810 L = .4342948~(P/PO) 'convert pressure ratio to log base 10
820 Q = PO*10-«(Z1.75-U*(L-1)!l6) :COTO 845 'Seni-B"Tpirical fit for real air
830 Q = PO*«l +P/PO)'O/K)/D -l)/(K-U :CDTO 842 'classical adiabat
840 Q ~0*(K+l)*(p/pO/K)'3)*(1 - 1.5*P/pO)/lZ 'acoustic dissipation
842 IF P>PT THEN 845 'Argument: wave form and losses are rrenifest at
843 Q = G*(1 +AB) 'Argument: secondary shock, other losses
845 zP= 1/4 'dlnZ/dlnP; assunes YA goes as volume and tirrr
846 YA = AB*YO*«(R:/P)'ZP -(R:/PI)'ZP)/((FC/pn'zp - 1) '..oB is prop. to Z-zi
847 IF P<PT nHEN YA = 0
850 A:N1••••.•••••••••• •• PF = A*f" SUBRDUTlt'E .
860 IF P>PT THEN PF =A/3/(l +PO/P)'Z/(l + ..oB) :ODTO 890
861 RSM: Strong shock, F= .4Z, mean A=.8*A(shock), /(1 +AB) is peaked wave form
865 IF yz = 0 THEN yz = 1
870 IF P<PT n-EN PF =3*G/P IYZ
880 IF PF>AI rn. PF<=O THEN PF= AI
890 ~Tt.m

900 R6M TIME~ ARRIVAL SUB-ROUTINE .
910 IF P/PO >450 THEN K =1.Z +.Z~(P/PO/450)/UJG(Z) : ODTO 940 'real gas K
9Z0 IF p/po >15 THEN K = 1.4 - .z~(P/PO/15)/UJG(30): COTO 940 'real gas K
930 K = KO
940 US =SGR(P/DO/(l -l/D» 'used previous K to calculate U
945 IF ZI = 0 THEN UI = US ' UI not yet initialized as in 696
950 US = (I/US + l/UI)/Z 'Nean for integrating dt as dX/U
960 Tl = UB*(R -RI) 'Time incre'l1eflt
970 IF ZI = 0 AND p/PO >10000 THEN Tl = .Z*Tl : COTO 990 'Radiative phase
980 IF ZI = 0 THEN Tl = .5*Tl 'ball park estimate for detonations
990 A:.1l.R'J
999 R:M••.•••••••••• 1f\Pl/T MASl..F£D CATA. ~/rn. Lrn£ST ~SSLF£ FCR CAJ..DJ.AUION.
1000 OATA 13600, 7.32, 3750, 10.7, 1550, 13.7
1010 DATA 1000, 15.5, 510, 19.Z, ZOO, 25.6
10Z0 DATA 100, 3Z.Z, 50, 41,' 20, 57.3
1030 Dl\TA 10., 75.1, 8, 8Z.4, 6, 91.5
1040 CATA 5, 98.8, 4, lOB.5, 3, 12Z.5
1050 DATA 2, 147.4, 1.0, Z08, .5, 30Z
1060 CATA .2, 544, .10, 905, .07, 1200
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1400 Rb~••••••.•••••••• SUB-ROUTINE RDR FITnED TINE OF ARRiVAL ••••••••••• :
1410 IF (PX/PO) < SOD nHEN 1430
14Z0 TX = (PX/PO/500)·(-4/5) : 00]] 1490
1430 TX = (PX/PO/SOO)·(-6/7)
1435 TX = TX*TX·(UDG(TX)/175)
1440 IF A8SCTZ/TX -1) < .00001 THEN 1490
1450 TZ = TX :ooTO 1430
1490 R£TlR'J
1499 ~.•.•••.••.•••••••RANOE AND TIME OF ~IVAL yiELD••••••••••••••••
1500 IF ABS(P/PX -1».001 THEN 1595 'Passes only rreasured points
1510 'r'X= (X·3 ;M)lr3
1533 fB = INT(50*'r'X + .Z5)
1534 IF 18>77 THEN 18 = 77
1535 IF J =Z"l}£N ffilNT p/PO TA8(lO)'r'X TAB(20)YlTABOO)".''TABCTB)''Y'' TABOO)"."
1545 IF L£/CO >Z nHEN YT = (TX/T)·3 : com 1555
1550 YT = «x/CO -TX)/(R/CO -T))·3
1555 TT = INTC50*YT + .25)
1560 IF 18>77 THEN 18= 77
1570 IF J = 3 THEN ffilNT p/PO TAB(lO)YT TAB(ZO)T TABOO)"." TA8CTI)"T" TABOO)"."
1575 IF P<.068*P0 THEN 1590
1576 I = I +1
1580 5X = 5X +'r'X
1585 VX = VX + YX·Z
1586 IT = IT +1
1587 5T = 5T + YT
1588 VT = VT + YT·Z
1590 IF J = 1 THEN ffilNT" ~as:", x, "*"'vX, TX, "*''Yf
1595 ~Tl...R\I·

1599 ~•..•... -•..•.••.••YIELC£ tl(\[) 5TA'l)DRD [£\IIATIQ\l5 .•••••••••••••••
1600 IF I <2 T}-£N ZOOO
1602 5 = VX/(I-l)- (5X·Z)/I/(I-l)
1604 IF IT < 2Tl-£N 1610
1606 52 = VT/CIT-l) -C5T·2)/IT/(IT-l)
1608 ffilNT
1610 ffilNT "Yield, relative to input =" SX!I
1630 !=RINT "Standard deviation, % =" 100*SCR(5)*(I!5X) "based on" I "S8lTTlles, P=> 1 psi"
1640 IF Sf = 0 THEN 1680
1650 ffilNT "10'\ Yield, relative to input =" STIlT
1670 ffilNT "Standard deviation, 10'\ yield, % ="100*SCR(5Z)*( IT I 5T) "based on "IT"sarples"
1990 OATA 0, 0, 0
2000 END
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I.~URPOSE
This paper presents preliminary design criteria for frangible

surfaces intended to "break-up" and "blow-away" quickly enough to limit

the internal blast environment, structural damage and exterior debris

hazard from explosions inside structures. The design criteria relate

..... the'critical design parameters of the structure, frangible surface and

explosive to the internal loading -- in a format that facilitates the

design of frangible covers and the prediction of internal blast loads.

!\'--
2.0 BACKGROUND

2.1 Internal Explosions

'~ Shock Pressures. Consider an explosion inside a hardened building

with a frangible cover as illustrated in Figures 1 and 2. The detonation

generates shock waves. The initial wave strikes the frangible cover,

~ and all other interior surfaces, and is reflected. The energy in the

reflected wave depends, in part, on the physical characteristics of the

reflecting surface. When the incident wave first strikes the frangible

cover, the pressure in the incident wave is shocked up to a reflected

pressure. If this pressure accelerates the cover fast enough then the

relative velocity between the incident shock wave and cover decreases.

This reduces the total energy (total impulse) in the reflected wave to a

value less than if instead the cover was non-frangible. In any case,

the reflected waves, bouncing back and forth between the walls, floor

and roof, produce a shock pressure loading on interior surfaces of the

structure. The contribution from the cover to the total shock impulse

on other interior surfaces depends, to a large degree, on the number of

covers, cover size (surface area and aspect ratio), location of cover
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relative to the explosive, physical properties of the cover (mass,

strain energy capacity and failure mode) and boundary conditions of the

cover (resistance of supports to moment, shear and tension).

The Naval Surface Weapons Center is currently developing criteria

to predict the reflected-shock impulse on covers and the effects of

cover characteristics on the reflected-shock impulse applied to other

interior surfaces ofa structure. At this point in the study it appears

that for the practical range of design parameters, covers experience the

full-reflected-shock impulse. Further, covers should be considered

non-frangible .surfaces when computing the reflected shock impulse on

other interior surfaces of the structure.

Gas Pressures. If the explosion is confined inside an enclosed

space, such as a building, the heat released by the detonation and the

subsequent after-burning raises temperatures of the air and gaseous

by-products of the explosion. This phenomenon generates gas pressures,

in addition to shock pressures, in the same time period. The gas pressure

inside the structure riies to some peak value, the value depending on

the ratio of the net explosive weight to volume of the structure. The

gas pressure then gradually decays as gas temperatures drop and gases

vent from the structure. The gases vent through openings created by

breakage of building components, such as windows, doors and frangible

covers.

The peak gas pressuce is characteristically small compared to the

peak reflected-shock pressure. However, the duration of the gas pres

sures can be many times greater than the duration of the reflected-shock

pressures, especially when the vent area is small compared to the volume

of the structure. Progressive breakup of the building increases the

total vent area. This increases the rate of escaping gases which, in

turn, increases the rate of decay in gas pressures, and thus, decreases

the duration of the gas pressure.

Blast hardened or massive structures often have little or no inherent

excape paths for gases. In such cases, vent areas must be built into

the structure. In practice, these vent areas ~re openings with frangible

covers. The frangible covers are intended to breakup and blow away

335



quickly enough to reduce the gas pressure environment inside the structure.,
This strategy reduces the extent of structural damage and secondary

debris.

2.2 Frangible Covers

Frangible covers are especially important in hardened structures

that contain explosives. For example, safety standards may require a

hardened structure to protect its inhabitants and contents from effects

of possible explosipns located outside the structure. Typically, such

structures are massive and capable of absorbing large amounts of internal

strain energy. Consequently, the benefits of protection provided against

effects from an external explosion may be more than offset by the increased

risk to inhabitants and contents from an internal explosion. Further,

explosions in hardened structures increase the risk to nearby facilities

since the greater blast loads inside a hardened structure produce greater

launch velocities of flying debris threatening nearby facilities. A

compromise solution to this dilemna is to install one or more frangible

covers in exterior surfaces of the structure. .The covers are placed at

strategic locations that do not compromise protection from effects of an

~xternal explosion. The frangible covers reduce the internal blast

environment .and thus the external debris hazard.

Ordnance test structures, such as missile test cells, are also

frequently blast hardened, especially if the test cell is immediately

adjacent to the Weapons Maintenance Building that supports test operations.

For this case, the test cell is blast hardened to reduce blast and

debris on the adjoining building. Typically, one wall of the test cell

is made frangible to relieve internal blast loads and focus explosion

effects in prescribed directions outside the structure.

3.0 PROBLEM

The NAVFAC P-397 (Ref 1) states that "although frangibility is

imperfectly understood and difficult to measure, it·has been assumed

that a material whose weight is 10 psf of surface area or less may be

336



considered frangible for both the shock-front pressures and gas pressures

resulting from detonation of explosives greater than 100 lbs." NAVFAC

P-397 further states "if a large portion (one or more surfaces) of a

structure whose weight is greater than 10 psf fails, then this surface

of the structure is considered frangible for the gas pressures. However,

because the heavier surface will take longer to fail than the lighter

surfaces, full reflection of the shock pressures will occur." In design

practice, this criteria is interpreted to mean that any surface less

than 10 psf is fully frangible, i.e., the surface does not contribute

shock impulse. to other interior. surfaces of the structure and the degree

of venting for gases is the same as if no surface covered the opening.

This interpretation may contribute large errors in the design process

and result in unsafe designs.

Trends in safety regulations require less risk to exposed individuals

in ordnance facilities. This trend demands a better understanding of

frangibility. For example, recent changes in NAVSEA OP-5 (Ref 2) require

personnel working in a missile test cell to be exposed to no more than

2.3 psi from effects of possible explosions in other test cells. This

requirement is' difficult to satisfy-in a multiple test cell complex.

The facility designer desires one wall to be frangible in order to

reduce the internal blast environment from an internal explosion, thereby,

lowering the MCON cost of the facility and external debris hazard.

However, to protect personnel in that cell from explosions in other

cells, the designer must strengthen the frangible wall to safely resist

external blast pressures. But strengthening the wall invariably results

in a massive wall which violates current frangibility criteria. The

solution to this dilemma usually requires severe restrictions of test

operating procedures and lower production levels. Strengthening the

"frangible" wall is the practical and cost effective solution, prOVided

the designer has design criteria which account for effects of wall mass

on internal blast environment.

The same problem is faced in trying to satisfy physical security

regulations. A massive wall is desired to increase the denial time to

forced intrusion into a missile test cell, but a light wall is required
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to control construction costs. Again, physical security requirements

must be compromised because of a lack of criteria on effects of wall

mass on internal blast environment.

In view of the problems cited above, the Naval Civil Engineering

Laboratory has undertaken a study to refine design criteria for frangible

surfaces. The work is being sponsored by the Department of Defense

Explosives Safety Board. The criteria presented herein is preliminary

and requires further test validation.

4.0 SOLUTION FORMULATION

Consider an explosion inside either the missile test cellar the

building shown in Figure 2. An opening of area A is located in one

surface of either structure. The opening is covered with a frangible

panel. The panel has a mass y, area A and dimensions t by h. The

normal distance from explosive Wto the panel is R.

The blast loading (combined shock plus gas pressure-time history)

acting on an interior surface of the box is shown in Figure 3. This is

also the blast loading on a cover placed over the opening provided the

cove~ is non-frangible for shock pressures (i.e., the cover provides

full-reflection of all shock waves striking its surface), but fully

frangible for gas pressures (i.e., the cover does not decrease the vent

area, A, for escaping gases; the vent area is A from the instant of

detonation).

4.1 Shock Pressure Loading

If the reflected-shock pressure on the cover at any time t is

P (t) then the total reflected-shock impulse, i , is
r r

i
r

WI/ 3 ,solution obtained from NAVFAC P-397
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The solution of Equation 1'is' obtained from charts presented in NAVFAC

P-397 (Ref 1). The charts predict the average reflected-shock impulse

applied to a prescribed surface of a box-shaped structure. The charts

are based on analytical procedures and empirical data derived from

explosives tests. The P-397 procedure involves entering appropriate

charts with a series of dimensionless parameters related to the geometry

and size of the structure and the location of the explosive. The para

meters are the length, L, and height, H, of the box-surface of interest;

net weight of explosive, W; number of adjacent reflecting surfaces, N;

normal distance from charge to box-surface of interest, R; distance from

charge-to nearest adjacent reflecting surface, Ql; and the height of the

explosive, hI.

The accuracy of the P-397 value for i depends on the size of ther
cover relative to the size of the face of the box. The predicted value

of i is the average value for the entire face of the box, including the
r

area of the cover. Consequently, the procedure may underestimate i
r

applied to the frangible cover if the area of the cover is small compared

to the total area of the face of the box. In this case, computer programs,

such as BARCS (Ref 3), should be used to estimate i r . BAReS outputs 1 r
at each node point of a mesh simulating the surface area of the box.

The proper value of i r for the cover is the value of i r averaged over

nodal points within the area of the cover.

4.2 Gas Pressure Loading

4.2.1. Fixed Vent Area. Given a constant vent area, A, and the

time constant, Ct, describing the rate of exponential decay in pressure,

the gas pressure, Pg' inside the box at any time, t, is:

(2)

According to analytical work by Proctor and Filler (Ref 4) and explosives

tests by NCEL (Ref 5), the peak gas pressure, B , inside the box is
g
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a function of the ratio W/V, the explosive weight, W, relative to the

volume of the box, W. The relationship between Band W/V is plotted
g

in Figure 4.

B = f (W/V) ,g
from Figure 4. (3)

Based on explosives tests by Keenan and Tancreto (Ref 5), the scaled

duration of the gas pressure, T /Wl / 3, inside the box for a constant
g

vent area, A, and box volume, V, is:

T

wl'3 = (
A )-0.86 (~)-O.86

2.26 2/3 V
V

, provided A &V =constant (4)

and the corresponding scaled total impulse of the gas pressure, i ;Wl / 3,
g

is:

1.

~= (
A )-0.78(W)-0.38

569 --:J73 V
w

, provided A &V =constant

A/V2/ 3 < 0.21

(5)

. Equations 4 and 5 are empirical relationships derived from the gas

pressure-time history measured inside a box with A, V and Wheld constant

in each test but varied between tests. In these tests, pressure measure

ments indicated no gas pressure developed inside the box for A/v2/ 3 > 0.60.

, provided A = constant

A/V2/ 3 > 0.60

(6)

No test data is available to derive the expression for i /Wl / 3 where

0.21 < A/V2/ 3 > 0.60. However, for the purpose of this ;aper it is arbi

trarily assumed that the log of i /Wl / 3 varies linearly with the log of

A/V2/ 3 for 0.21 ~ A/v2/ 3 5 .60. g

Given A, V and Wit is possible to derive an explicit expression for

the time constant, a, based on the following requirement.
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T

i =
fg

P (t) dtg
0

g

Combining Equations 2 and 7a

T ftttT
)B fg (1 ti = -1 e g dtg g 0 g

Oa)

,provided A&V =constant (7)

where Bg , Tg and i g are fixed values obtained from Equations 3, 4, and 5

(or Sa), respectively, based on given values of A, V and W.

4.2.2 Variable Vent Area. Consider a frangible cover over an opening

in a structure containing an explosion as shown in Figure 3. The combined

shock and gas pressures force the cover to move away from the opening .

. This motion results in a variable vent area that increases with time.

Calculation of the gas pressure history inside the structure requires an

iterative process because of the variable vent area. The iterative

process proceeds as follows.

Refering to ..¥igures. 5 and 6, at time t i the known gas pressure is_

P. and the known acceleration, velocity and displacement of the cover,
~

acting as a rigid plate, are xi' xi and xi' respectively. If Pi +1 is

the assumed gas pressure at time t i +1 , then

= t. + Lit
~

=

=

=

Pi+1/m

xi + (xi + xi +1)(6t)/2

x. + X. Lit + (x. + X·+1)(Lit)2/4
~ ~ ~ ~

(8)

During the time interval Lit, the average displacement of the cover is

(xi + xi +1)/2. If the perimeter of the opening is s, then the average

vent area, Ai +1, available for gases to escape from the structure is
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Considering Ai +1 to be a fixed vent area during the time interval, 6t, the

gas pressure impulse, i , is calculated from Equation 5, the gas pressure
g

duration, Tg , is calculated from Equation 4, and the time constant, a, is

calculated from Equation 7. Knowing ai +1, the gas pressure, Pi +1 at time

t i +1 is calculated from Equation 2. The calculated value of Pi +1 becomes

the new assumed value of Pi +1 and the above process is repeated until the

difference between the assumed and computed values of Pi +1 is within a

prescribed error limit. Given agreement, time is incremented by 6t and

the entire process is repeated for the next time step. If during this

process, Abecomes equal to the area of the opening, then the effective

vent area is fixed and A=A for all succeeding time intervals.

Eventually, the gas pressure decays to zero. The time corresponding

to this point is the gas duration, T , inside the structure, and the
g

total gas impulse,' i , is equal to the total area under the gas pressure-
g

time curve. The above computational process was the basis for NCEL

computer program REDI which was used to develop de~ign criteria for

frangible covers.

5.0 DESIGN CRITERIA

Computer program REDI was used to generate design criteria for

frangible covers. The following criteria are considered preliminary and

require further test validation.

5.1 Gas Impulse

Criteria for the gas pressure impulse inside a structure with a

frangible cover are presented in Figures 7-10. In each figure, the

scaled gas pressure impulse, i /W1/ 3, is plotted as a function of the
2/3 gscaled vent area, A/V ,for several values of the frangible cover mass,

y/W1/ 3. Each family of curves in Figures 7-10 are for fixed values of

the scaled reflected shock impulse, i /W1/ 3 , acting on the frangible cover
r

and the ratio of the net explosive weight to structure volume, W/V. The
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curves assume the total reflected shock impulse, i , is applied to the
r

cover at time t =0, i.e. the reflected shock impulse imparts an initial

velocity to cover equal to i 1m where m is the mass per unit surface
r

area of the cover. This assumption reduced significantly the number of

parameters required to display the design criteria.

Use of the criteria require interpolation between values corresponding

to the curves in Figures 7-10. Linear interpolation on a log-log scale

is recommended for obtaining an intermediate value of any parameter, using

either mathematical relationships or log-log graph paper. Further, it is

recommended that i in Figures 7-10 be interpreted as the value predicted
r

by procedures outlined in NAVFAC P-397 or computer program BARCS (Ref 3).

5.2 Peak Gas Pressure

As stated earlier, the

of the net explosive weight

from Figure 4.

peak gas pressure, B , depends on the ratio
g

to structure volume, W/V, and is obtained

B = f (W/V) ,
g

from Figure 4 (3)

5.3 Effective Gas Duration

The effective duration of the gas pressure based on a linear time

decay in the pressure'is

T'
g = (10)

where i is the total gas pressure impulse obtained from Figures 7-10 and
g

B is the peak gas pressure obtained from Equation 3.
g
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6.0 TEST VALIDATION

6.1 Method of Validation

Experimental data obtained from explosive tests designed to evaluate

the performance of earth covered structures was used to validate the

design criteria for frangible covers shown in Figures 7-10. The experiment

involved detonating explosives inside a series of small earth-covered

missile test cells having one frangible wall and a soil-covered roof

slab. The frangible wall and roof slabs were not fastened to their

supports. Test variables were the mass of the frangible wall, 'I, mass

of the soil covered roof, 'I + 'I , and weight of explosive, W. Thes r
motion of the roof and wall slabs was measured in each test with a high

speed camera.

The total reflected-shock plus gas impulse, iT' imparted to the

roof was derived from the measured maximum vertical displacement of the

roof slab, x , by applying the principle of conservation of energy.
m

Since the roof is unrestrained, the total work done by the gravity

forces of the roof must equal the total change in its kenetic energy.

Work = -(y + '( ) xs r m
(lla)

Since x =0 at x =x , the total change in kinetic energy, ~, is
m

ME • t C' :Yr
) (02- x/)

Equating Equations 11a and lIb,

( llb)

(llc)

From the principle that the total impulse applied to the roof must equal

the change in its momentum,
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f pet) dt =

o
(

Ys+Yr)(. )
144 g XT - 0

:.r:-,

Combining Equations lIe and lId and dividing the result by WI/3 , the

scaled total impulse of the reflected-shock plus gas impulse on the roof

is:

(Ud)

iT
---- (measured) =

WI/3
(II)

Since y , y , W, and x are known values for each test, the scaled totals r m
impulse applied to the roof was calculated from Equation 11. This value

was considered to be the "measured" value of i T/w1/ 3 acting on the roof

of the missile test cell.

The predicted value of i T/W1/3 was taken to be the sum of the

scaled reflected-shock impulse, i /W1/ 3 , predicted from criteria presented
r

in NAVFAC P-397 (which is based on the parameters shown in Figure 3),
plus the scaled gas impulse, i /W I/ 3 , predicted from the criteria pre

g
sented in Figures 7-10. In other terms, the predicted scaled total

impul~e acting on the roof of the missile test cell was taken as:

iT
- (predicted)

Wl / 3 =
1. i
1/3 (NAVFAC P-397) +~ (Fig. 7-10)

W W
(12)

The predicted value of i /W1/ 3 in Equation 12 assumed four reflecting
r

surfaces (N=4) , i.e., the frangible wall, in addition to the other three

walls, was considered to be a non-frangible surface for shock waves

striking its surface. The difference between i T/w I / 3 obtained from

Equations 11 and 12 was the basis for validating the reliability of the

design criteria for frangible covers presented in Figures 7-10.
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6.2 Test Description

Design details of the test structure are shown in Figure 11. The

structure was a one-sixth geometric-scale model of a HARPOON missile

test cell. The floor, sidewalls, backwall and floor were constructed

from 3-inch-thick steel plate, joined together with full-penetration

welds. The backwall had no door opening. The bottom face of the floor

was flush with the ground surface.

The roof slab was 1-I/8-inch-thick plywood (3.3 psf) with No. 10

gauge sheet metal (5.63 psf) nailed to the inside face. The roof slab

was covered with sand to depth, d , in a berm-like fashion. The berm, s
was configured so that the soil depth, d , extended a distance d beyond. s s
the vertical extension of the walls, except at the headwall. The surface

of the berm was spray painted white to improve photographic contrast in

recording the failure mechanism of the earth-bermed roof. The total

roof mass was varied between tests by changing the depth of sand, d .s
The test charge was Composition C-4 explosive shaped into a right

cylinder with a length-diameter ratio equal to 1.0. The charge was

positioned midway between the walls and 7 inches above the floor, the

. typical scaled '~location of a HARPOON missile during a testing operation.

The test charge ranged from W= 1.0 to 3.0 Ibs which corresponds to

approximately W=216 and 640 Ibs full-scale, respectively.

The frangible wall was absent in two tests. In all other tests,

the frangible wall was either I-1/8-inch plate glass (one test) at

y = 1.64 lb/ft l , or 3/8-inch plywood with 28 gauge sheet metal on the

inside face (6 tests) at y = 1.73 Ib/ft l or I.O-inch plywood with 13

gauge sheet metal on both faces (two tests) at y = 10.50 lb/ft l . Based

on scaling laws, y = 1.73 and 10.50 lb/ft l are equivalent to y = 10.38

and 63.0 lb/ft l full-scale, respectively.

A view of a typical test setup prior to detonation is shown in

Figure 12. Note the adhesive tape used to secure the frangible wall to

its supports. Also note the soil berm spray painted white.

The values of critical parameters for each test are presented in

Table 1. Note: The listed values of y and y have been increased bys r
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9% to account for a 2-inch overlap of the roof slab onto each wall.

Further, ~ for the frangible wall has been increased by 5% to account

for a l/2-inch overlap of the wall onto its supports.

6.3 Predicted Versus Measured Results

The measured and predicted results for each test are compared in

Table 2. The small difference between the measured and predicted i T/W1/ 3

for tests 23 and 24 (no frangible wall, i.e. N=3) indicate the NAVFAC

P-397 procedure for the predicting the reflected-shock impulse on interior

surfaces of a structure are quite accurate, at least for the range of

parameters tested.

The value of test parameters in tests 25 and 27 are nearly identical,

except for the properties of the frangible wall. The frangible wall was

plate glass in test 25 and plywood/metal in test 27. The small difference

between measured and predicted i T/wl / 3 for these tests suggests that the

brittleness of a frangible wall does not significantly effect the gas

pressure environment inside a structure.

Test 29 provides the best measure of the reliability of the design

criteria since the gas impulse was a large percentage of the total

impulse. Note that the difference between the measured and predicted

iT is largest for this test.

The ratio of measured to predicted iT averaged over all tests is

0.99. This sugge~ts ~hat the design criteria for frangible covers is

adequate, at least for the range of parameters tested.

7.0 APPLICATION OF CRITERIA

The following problems and their solutions illustrate the application

of the design criteria for frangible covers.
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7.1 Missile Test Cell

The missile test cell shown in Figures 1 and 2 supports testing and

checkout of the LUNI missile. The net weight of explosive for the LUNI

is 343 pounds TNT equivalent. The center of gravity of the explosive is

positioned such that the scaled reflected-shock impulse on the frangible

wall is i /W1/ 3 =100 psi-msec/lb1/ 3 , according to NAVFAC P-397 (or
r

computer program BARCS). The frangible wall is a 3-inch-thick reinforced

concrete slab with a total surface area equal to 150 ft G• The volume of

the missile test cell is 8575 ft J .

(a) Problem: Find the peak gas pressure, B , gas impulse, i , andg g
effective gas duration, T', inside the missile test cell.g

Solution: The scaled area and mass of the frangible wall and

the density of explosive in the missile test cell are

=
=

150/(5277)2/3 = 0.49

(3 x 145)/12)/(343)1/3 = 5.2 psf/lb1/3

W/V = 343/5277 = 0.040 Ib/ft J

Entering Figure 4 with W/V = 0.040, find

B = 240 psi
g

Entering Figure 9 with W/V = 0.040, y/W1/ 3 =5.2, A/V2/ 3 =0.49

and i /W1/ 3 = 100 find
r '

i g/W1/ 3 = 325 psi-msec/lb1/ 3

i = 325(343)1/3 = 2275 psi-msec
g

From Equation 10! the effective gas duration for design purposes is

T' .
g

2 i
~ =
Bg

2(2275)
240 . =

34~

19.0 msec



(b) Problem: Find the percent reduction in the gas impulse if the

LUNI missile is moved closer to the frangible wall such that i /W1/ 3 =
r

1000 psi-msec/lb1/ 3.

Solution: Entering Figure 9 with W/V =0.040, y/W1/ 3 =5.2,

A/V2/ 3 =0.49 and i r /w1/ 3 =1000, find

=i /W1/ 3
g

i = 92g

92 psi-msec/lb1/ 3

(342)1/3 = 644 psi-msec

Therefore, the reduction in gas impulse applied to all surfaces of

the missile test cell is

Reduction in i = (2275 - 644) 100 = 72%
g 2275

This reduction in 1 will reduce significantly the construction
g

cost of the missile test cell but increase significantly the possible

strike range of debris from the frangible wall which is roughly proportional

to the square of the total impulse. For example,

iT = i + i =r g

iT = i + i =r g

100(343)1/3 + 2275

1000(343)1/3 + 644

=

=

2975 psi-msec

7644 psi-msec

(problem a)

(problem b)

Therefore, without an exterior barricade in front of the frangible wall,,-
the possible increase in the strike range of debris, Rs ' is

R (problem a)
s

R (problem b)
s

= (7644)2 ==2975 6.6

7.2 Weapons Maintenance Building

The weapons maintenance building shown in Figures 1 and 2 is for

maintenance of the HARPOON missile. The workbay, shown in Figure 2, is

100 feet long, 40 feet wide, and 20 feet high and contains no more than

2400 pounds TNT equivalent at anyone time. The roof and walls are
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massive reinforced concrete slabs designed to protect operating personnel

from an inadvertent explosion in an unrelated ordnance facility located

nearby. A large equipment door at both ends of the workbay is 25 feet

long and 15 feet high. The doors are not blast-hardened and weigh

13.3 psf.

(a) Problem: Find the peak gas pressure, B , gas impulse, i ,g g
effective gas duration, T' , if the scaled reflected-shock impulse,

i /W1/ 3 , on the doors is ~OO psi-msec/lb1/ 3 .
·r

and

Solution: . The door area is A = (25 x 15)2 =750 ft~\ The

volume of the workbay is V =40 x 20 x 100 =80,000 ft J . The weight of

explosive is W=2400 lb. The door mass is y =13 psf. Therefore, the

critical scaled parameters are

A/V2/ 3 = 750/(80,000)2/3 = 0.40

W/V = 2400/80,000 = 0.040 Ib/ft J

y/W1/ 3 = 13.3/(2400)1/3 = 1.00 psf/lb1/ 3

Entering Figure 9 with these values, find

i /w1/ 3 = 120; 1 = 120(2400)1/3
g g

Entering Figure 4 with W/V =0.040, find

B = 240 psi
g

= 1606 psi-msec

From Equation 10, the effective duration of gas pressure in the

workbay is

T' = 2(1606)/240 = 13.4 msec
g

(b) Problem: Find the gas impulse in the workbay if the mass of

the equipment doors is increased to 67 psf to improve physical security of

the building.

Solution: The scaled door mass in y/W1/ 3 = 67(2400)1/3 =5.0

psf/lb 1/ 3 . Entering Figure 9, find
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i /W1/ 3
g = 350; = 350(2400)1/3 = 4686 psi-msec

Thus, increasing the door mass from 13.0 to 67 psf increases the gas

impulse applied to interior surfaces of the building by

8 .0 FUTURE WORK

Explosive tests are planned for 1983. The tests will extend the

range of test parameters and include large scale tests. The large scale

tests are considered important since the theory used to develop the design

criteria is based on empirical relationships derived from small scale tests.
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10.0 LIST OF SYMBOLS

A Area of the opening without the frangible cover, ft'

A xp, effective vent area, ft'

B Peak gas pressure extrapolated to time t = 0, psi
g

B Peak reflected-shock pressure, psi
r

ds

E(x)

g

h

i
g

i
r

m

N

pet)

P (t)
g

P (t)
r

R

s

T
g

T'
g

Depth of soil cover, ft

Total strain energy absorbed by structural element at
displacement x relative to its support, ft-Ib/ft'

-6Gravity =32.2 x 10 ,ft/msec'

Height of frangible wall, ft

Height of explosive (c. g. ) above floor, ft

Total reflected shock impulse, psi-msec

Total gas impulse, psi-msec

Total reflected-shock impulse, psi-msec

Total impulse; sum of reflected-shock plus gas impulses, psi-msec

Length of frangible wall, ft

Distance from explosive (e.g.) to sidewall, ft

Mass per unit area of surface, psf-msec'/ft

Number of adjacent reflecting surfaces.

Pressure at time t, psi

Gas pressure at any time t, psi

Reflected-shock pressure at any time t, psi

Normal distance from e.g. of explosive to a surface of
structure, ft

Perimeter of the opening providing escape path for gases, ft

Duration of gas pressure, msec

2i /B = Effective duration of the gas pressure based on
g g

a linear time decay, msec
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t

v

w

x

x

a

Elapsed time after detonation, msec

Time when reflected pressure equals the gas pressure, msec

2i /B =Effective duration of the reflected shock pressure
ba~edron a linear time decay, msec

Volume of structure containing the explosion, ft J

Net weight of explosive, lb (TNT equivalent)

Displacement at any time t, ft

Velocity at any time t, ft/msec

Maximum displacement, ft

Velocity at time T , ft/msec
r

Exponential decay constant for P (t), msec- 1
g

Mass of frangible cover per unit area of surface,lb/ft l

Mass of roof slab per unit area of surface, lb/ft l

Mass of soil cover per unit area of surface, lb/ft l

: '~Density of soil, lb/ft~
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'---- frangible wall panel

...::., ""' .....-.. _.._--_.', - -._-". - .... - '..._.-..

,...- Weapons Maimenance Building

frangible roof panel

Figure 1. Frangible panels in Weapons Maintenance Facility.

Section A-A

Figure 2. Design parameters for frangible panels.
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Figure 11. Design derails of missile test cell
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Internal 'Blast Measurements in 'a Model of the Pantex Damaged Weapons Facility

By

J. C. Hokanson, E. D. Esparza, W. E. Baker and N. R. Sandoval,
Southwest Research Institute

\,
The Damaged Weapons Facility (DWF), planned for construction at the Pantex

Plant, will consist of several rooms and interconnecting corridors. It is
being designed to essentially completely contain explosive effects in the event
of an accidental explosion during weapon disassembly. Because of the complex
geometry 'of the facility, the rational prediction of initial and later reflect
ed shock wave loading, and the longer-term gas pressure loading, is very diffi
cult. Accordingly, a one-eighth scale, overstrength, steel "loads" model
of the facility has been built and tested. Tests include detonations within
the model of various weights and types of spherical and cylindrical explosives,
at several charge locations within the high bay area of the facility. This
paper summarizes shock and gas pressure measurements taken within the model,
and compares test results to current methods for estimating these transient
pressures and to data from other investigators.

INTRODUCTION

General

This paper summarizes results of a two-phase test program conducted by
the staff of Southwest Research Institute under Purchase Order No. F09l3400,
for Mason and Hanger-Silas Mason Company, Inc., Pantex Plant, Amarillo, Texas.

The work involved the design, preparation of construction drawings,
fabrication, instrumentation, and internal blast testing of a one-eighth geo
metric scale model of the Damaged Weapons Facility (DWF) planned for construc
tion at the Pantex Plant. The full-scale facility, which is to be used as a
disassembly facility for damaged weapons, is being designed for Department of
Energy, Amarillo Area Office, by the finns of Gibbs and Hill, and Ammann and
Whitney. Since these weapons contain high explosives as well as toxic material,
their disassembly must be performed within a structure which in the event of
the occurrence of an accidental detonation, will contain, within acceptable
limits, the explosive and toxic materials output.

The Damaged Weapons Facility will consist of several rooms and intercon
necting corridors. The disassembly of a weapon will take place in the main
room or bay. This room is fully enclosed except for an access opening to
surrounding staging areas, corridors, and equipment and personnel blast locks.
l1ethods for determining the blast loads produced by spherical charges which
are detonated within fully enclosed cubicle type bays are well known (Refs.
land 2). However, only a minimal amount of data are available pertaining to
the evaluation of the blast loads and overpressures which leak out of a bay
into the adjoining confined areas.
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To determine these latter blast loads, a series of tests has been conducted.
These tests included the initiation of various explosive charges within a one
eighth scale model of the Damaged Weapons Facility and recording the magnitude
of the resulting blast overpressures, impulse and thermal variations. The
data obtained from these tests will enable the verification (or nonverification)
of the estimated blast loads used for the building design (Phase I). Also,
the test results provide an insight into internal blast loads produced by
(1) multiple charges, (2) charge geometry, (3) charge confinement and (4) TNT
equivalency (Phase II).

Purpose and Objectives

The primary purposes of the tests in Phase I were to obtain measurements
of the blast and gas pressure loads, both within the high bay where explosions
may occur, and within corridors and staging bays adjacent to the high bay.
All but one of the explosive charges detonated in this phase were single PBX
9404 spheres weighing about 0.990 lb (this represents 507 lb in full scale).
The charge location was varied, as well as the pressure measuring stations.
Tests were replicated three times to determine reproducibility of measured
dynamic loads.

The objectives for Phase II were the determination of internal blast loads
associated with:

1. "TNT equivalency" of PBX 9404, PBX 9502, and Pentoli te;

2. Multiple charges;

3. Short cylindrical charges;

4. Lightly cased charges.

In support of the first of these objectives, there was also a requirement
for measuring heats of combustion for explosives to be tested in this program,
as well as explosives for which there was an extensive data base of internal
explosion measurements.

An additional objective during this phase was to obtain better transient
thermal measurements by use of fast-response calorimeters, and to use these
measurements to predict temperature-time histories for critical components in
the prototype structure.

Paper Content

In following sections, we describe the design and construction of the
model, :give our plan for instrumentation, describe the plan for reduction of
the many channels of data recorded during each test, and give. the test plan for
both phases of the tests. Then, test results are summarized. The paper con
cludes with a discussion of the test results. A reference list is appended.
Much more complete descriptions .of this internal blast project appear in
Ref. 3:and 4 for Phase I and Ref. 5-7 for Phase II.
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SCALING

The Hopkinson-Cranz scaling law for air blast waves from explosive sources
(Ref. 8) predicts that the entire history of shock loading of a complex structure
should scale properly in subscale experiments, provided that:

1. Exact geometric similarity is maintained,

2. All times scale in exactly the same proportion as the geometric
(length) scale factor A,

../

3.

4.

Types of e;)losive sources are identical and total source energy E
scales as'A , and

Initial atmospheric ambient conditions are unchanged.

Furthermore, References 9 and 10 show that explosions within vented or unvented
containment structures will generate long-term (quasi-static) pressures whose
amplitudes and durations (when vented) also scale according to the Hopkinson
Cranz law.

The implications of the blast scaling law are as follows:

1. At similar locations and similar scaled times, pressure amplitude
and velocities are identical in model and full-scale tests.

2. Because times are compressed by the scale factor A, shock arrival
times, pressure rise times, overpressure durations, and all charac
teristic times in complex pressure-time histories scale by A.

3. Specific impulses also scale as A, because the amplitudes (pressures)
are unchanged and the durations scale as A.

Inherent in the Hopkinson-Cranz law is the assumption (and proof by many,
many tests) that, for the very rapid shock loading and still rapid gas pressure
rise processes in contained high explosive loading, heat transfer processes lag
so greatly that they have insignificant effect on the transientloads.* The
scaling of the complex process of heat transfer by radiation, convection and
conduction is very difficult (see Chapter 12 of Ref. 8), and obeys quite differ
ent scaling laws than for the pressure loads from contained explosions.

Basically, the model of the DWF which we built and are testing maintains
close to the exact geometric internal shape of the full-scale DWF design.
However, outer wall, roof and floor thicknesses are not exactly geometrically
scaled, but are instead designed for strength to withstand many scaled internal
explosions with no damage. No attempt whatever was made to scale or model heat
transfer processes in model design and construction.

*Eventually, even the quasi-static pressure within a gas-tight container will
very nearly equilibrate, as the hot explosion gases and compressed air mix and
cool by heat transfer through the container walls.
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Basically, the model of the DWF which we built and are testing maintains
close to the exact geometric internal shape of the full-scale DWF design.
However, outer wall, roof and floor thicknesses are not exactly geometrically
scaled, out are instead designed for strength to withstand many scaled internal
explosions with no damage. No attempt whatever was made to scale or model heat
transfer processes in model design and construction.

There is ample evidence that the Hopkinson-Cranz blast scaling law applies
for very small geometric scale factors A (see Ref. 8), So, the choice of A is
dictated by other factors. As the scale factor becomes smaller, the required
frequency response for blast transducers and recording systems must be increased
propoitionally, because all times are also shortened by A. ,Also, as model size
decreases, access to the model becomes more difficult. These negative factors
must be weighed against reduced construction cost with smaller size. The

.. choice of A.:= 1/8 for this model was dictated primarily by the need for internal
access to change model configuration and to inspect, replace or rearrange
instrumentation between tests. Someone had to be able to crawl inside the
model, and that would have been impossible at a smaller scale.

MODEL DESIGN AND CONSTRUCTION

Model Design

All-welded construction was chosen for this model, because of strength,
economy in construction and ease of making the model pressure-tight. The basic
construction material was chosen to be a pressure vessel steel, ASTM A 537
Class 1. This material has high yield strength and ductility, even at low
temperatures. It also can be welded in thick sections with little loss in
material strength and ductility.

We conducted some limited analyses to predict blast loads and response
of elements in the structures, to allow us to size the steel plate thicknesses
for various parts of the structure.

Most of the blast loading predictions were made for the surfaces of the
high bay area, using worst-case (nearest charge locations) for each surface.
The methods for predicting local and average peak overpressure and specific
impulse loading are described in detail in Reference 2. Details appear in
Ref. 1. Quasi-static pressures were also predicted from a curve in Reference
2, using the maximum charge weight and the volumes of the high bay area for one
pressure, and the entire internal volume of the model for another pressure.

Using the maximum calculated blast and quasi-static loads within the high
bay area, plate thicknesses were sized assuming elastic beam strip theory,
clamped-clamped boundary conditions, and a factor of safety (FS) of 1.5,
based on static yield strength for the A 537 Class 1 steel. Scaled pressure
impulse (P-i) diagrams from Reference 11 were used for these calculations.
The results showed that h = 3 inches was adequate for all surfaces in this
part 01 the structure. Details appear in Ref. 1.

Calculations of blast loads within other parts of the structure are very
questionable (which is, indeed, the reason for this program). So, to achieve
a conservative design and to allow choice of a suitable hydrotest pressure,
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we established Dynamic Load Factors for the heavily-loaded high bay structural
elements, based on the vibration frequencies of appropriate beam strips, and
then computed equivalent static pressures to give the same maximum stresses,
using again the safety factor of 1.5. The recommended hydrotest pressure was
PT = 210 psi. Based on this pressure. plate sizes were chosen for the remain
der of the model. These were 1.5 inches for walls outside of the high bay, and
2.0 inches for roof outside the high bay. Although there are no good methods
for predicting blast loads outside the high bay area, we felt that we could
obtain at least order of magnitude estimates by exercising a two-dimensional
blast wave code and representing the three-dimensional model structure by a
two-dimensional analog. The results of these calculations could give a rough
idea of blast pressures and rise times, and thus help in selection of appro
priate transducers, as well as indicate possible areas of blast focusing
causing local high pressures. The results of these calculations appear in
Appendix'C of Ref. 1. Although the absolute numbers were not expected to
correlate well with test data. relative amplitudes between the high bay area
and other areas were helpful in planning our instrumentation. They were also
comforting to the designers. because no high local overpressures were predicted
outside the high bay area.

The final design of the model evolved on the basis of the above design
calculations; the need for access to all outer surfaces of the model for
installing and for changing instrumentation; and the practical requirements
for welding, assembling, inspection, and stress relief. A support structure
allowing access from below was designed as a welded grillage of deep section
I-beams, with seven large access holes cut through the webs. In the model
itself, the design allowed subassembly of units, which were then welded
together'for final assembly. The method and sequence of construction-was
planned to minimize welding distortions. and to allow complete nondestructive
inspection of critical welds.

In the final design, there are two hinged manhole covers for access, many
transducer holes, sliding doors for the equipment and personnel locks which can
be bolted in place in the closed position or held open. and. a small vent pipe
which is normally closed, but can be opened through a pneumatically actuated
valve.

Model Construction

The model was fabricated at Southwest Research Institute. Steel plate
was cut to size, beveled as needed. and welded into subassemblies using machine
and hand welding equipment and methods. All "outer envelope" welds which must
withstand significant blast and quasi-static pressure loads were fully inspected
using approved methods of nondestructive inspection. Any critical flaws were
ground out and rewelded.

The model was assembled in several subassemblies, which were separately
stress relieved. These two major subassemblies were then welded together, and
other small parts welded in place. While still in the welding shop, the model
was hydrostatically tested to 210 psig. It was then painted and installed
at our test range. The completed model is shown in Fig. I and 2.
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Figure 1. Completed Model Installed at Test Range
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Figure 2. Completed Model Installed at Test Range
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INSTRUMENTATION

In these tests, three types of transient measurements were made during
Phase I:

1. Blast pressure
2. Gas pressure
3. Temperature.

In addition, heat fluxes were measured during Phase II. There were 53 measure
ment locations during Phase I, increased to 63 during Phase II. These locations
are shown schematically in Fig. 3 and 4. On anyone test, only certain locations
were instrumented. The rest of the sensing locations were sealed with blind
covers to maintain model pressure tightness.

Blast Pressure

The ~jority of the measurements made were blast pressures. The trans~

ducers selected for these measurements are made by PCB Piezotronics, Inc., and
are miniature dynamic sensors specifically designed for blast wave measurements
which require very high frequency response. Two basic models were used, Model
102 and Model 109A. All Model 102 transducers have the same mechanical con
figuration but have four different ranges (250; 1,000; 5,000; and 10,000 psi).
For those gage locations very close to the charge, Model 109A (80,000 psi)
transducers were used because of the higher blast pressures expected. This
higher range transducer does differ in mechanical configuration from the lower
range transducers.

Each PCB transducer utilizes an acceleration compensated, quartz, piezo
electric, pressure, sensing element, coupled to a miniature source follower with
in the body of the transducer. This micro-electronic amplifier converts the
high impedance output of the quartz element into a low impedance, high level
output signal. Regardless of range or configuration, all of these transdcuers
have a rise-time capability of one microsecond.

Recording of all blast pressure data was done on two, l4-track, Wideband
II FM tape recorders at a speed of 60 ips. The data bandwidth (-3db) at this
recording speed is 0-250 kHz.

Gas Pressure

For gas pressure measurements made at locations where the blast pressure
amplitude' was expected to be only slightly higher than the quasistatic gas
pressure, Endevco Model 85l0M transducers, with a range of 500 psi, were used.
At gas pressure locations where high amplitude blast pressures were expected
(primarily in the high bay) Endevco Model 85llA with a range of 2,000 psi, and
Kulite Model HKS-375 with a range of 5,000 psi were used to sense the higher
gas pressure.

All of these transducers use a four-arm Wheatstone bridge diffused into a
silicon diaphragm. These piezoresistive transducers feature greater than 100 mV
full-scale output voltage, high resonant frequency, good linearity, and static
pressure response. These transducers are capable of recording blast pressures.
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However, because of their static pressure response capability, they were set
up to sense the gas pressure rise within the model structure, while at the
same time providing a reasonable survival rate to the higher blast pressures.

Bridge power and output signal amplification was provided with Vishay
Model 2310 signal conditioning amplifiers. These units accept low-level
signals from strain gages, piezoresistive transducers, thermocouples, etc.,
and condition and amplify them into high-level outputs suitable for multi
channel magnetic tape recordings.

Recording of all gas pressure data was made on a 14-track, Intermediate
band, FM tape recorder at a speed of 30 ips. The data bandwidth (±ldb) at
this recording speed is 0-10,000 Hz. This bandwidth was more than sufficient
to record the gas pressure data.

Temperature and Thermal Flux

Although some inner surface temperature measurements were made during
Phase I testing, and more temperature and thermal flux measurements during
Phase II, the primary thrust of the testing was to obtain pressure measure
ments. So, we do not detail the instrumentation for recording transient
temperatures and thermal fluxes. See Ref. 3-7 for details.

Playback Electronics

The test data recorded in both phases were played back and digitized using
the system shown in Figure 5, to produce the data plots. Up to four channels
of data were played back at one time through the analog filters into a
Biomation Model 1015 four-channel transient recorder. This recorder digitizes
the incoming analog signals at sample intervals of 0.01 milliseconds or greater.
Since this unit has four separate analog-to-digital (A/D) converters, the
samples for each of the four data chann£ls are time correlated. The maximum
number of samples which can be taken is 1024 per channel. The A/D units are 10
bit units, which means that the analog signals are digitized with a resolution of
one part in 1024 of the full-scale voltage setting. The minimum full-scale
voltage setting is 0.1 volts.

Once the test data (or calibration pulses) are properly formatted in
digital form, the DEC 11/23 computer extracts the data from the transient
recorder memory through the CAMAC* data buss and stores them on an eight
inch flexible diskette. A graphics terminal is used to display each data
trace for verification.

The stored data on the diskettes were read into a DEC 11/70 minicomputer;
then, the appropriate data processing plots were prepared using a Printronix
300 printer/plotter.

DATA REDUCTION

General

The test data were digitized using the equipment described in the previous
section with the following procedure. The calibration signals, 1 kHz, 1 volt

*Computer Automated Measurement and Control ANSI/IEEE-583 Buss
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p-p, recorded on each tape recorder channel prior to each test, were digitized
by the Biomation unit and transferred to the 11/23 computer. The analog filters
were set to a low pass cutoff frequency of 200,000 Hz for the calibration signal
playback. The digitized calibration signal was analyzed to establish the factor
required to convert the test data to engineering units.

The calibration factor was calculated individually for each gage on each
test. Then the analog data were played into the Biomation recorder. The
filters were generally set at a low pass cutoff frequency of 2000 Hz for the
gas pressure gages and 2000 Hz for the blast pressure gages in the low bay.
The filters were generally set at a low pass cutoff frequency of 200,000 Hz
for the blast pressure gages in the high bay. To ensure that all data channels
were time correlated, the signal which caused the charge to explode was recorded
on channels 1 and 2 of each tape recorder. This signal, which we call time
zero, was also digitized unfiltered in channell of the Biomation recorder each
time data were played back. The data digitized by the Biomation have units of
counts. The data amplitude in engineering units of psi is then determined
using calibration data for each transducer and the calibration factor also.

Extraction of Engineering Design Parameters from the Pressure Traces

The pressure records digitized as described above were examined to obtain
certain parameters useful in the design of a structure loaded by an internal
explosion. The parameters desired are:

o quasi-static pressure, PQS

o shock pressure, Ps
o shock impulse, IS

o duration of shock loading, DS '

The definitions of these parameters are given in Figure 6. The maximum quasi
static pressure is quite difficult to define because it is obscured by the
initial shock and the first few reflected shocks. Obviously, several reflec
tions must take place before an irreversible process attenuates the shocks and
converts the energy into the quasi-static pressure. We have decided to set the
PQS by examining the record and locating the time at which the shocks appear
to be well attenuated. The amplitude at this time is then defined as the quasi
static pressure. This point also defines the duration of the shock loading.
If we assume that the quasi-static pressure builds linearly from zero to
PQS ' then the shock impulse is defined as the integral of the net pressure
amplitude above the ramp increase. This is shown in Figure 6 as the shaded
region of the curve. The shock pressures are then the amplitudes of the
initial shock and the first few peaks, again above the ramp increase in the
quasi-static pressure.

The quasi-static pressures are estimated using the same techniques as the
blast pressure records. The shock pressure, impulse, and duration were not
extracted from these records.
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TEST PLAN

Test Procedures

All of the explosive charges used in this program were provided by Mason
and Hanger. Mason and Hanger also conducted a number of tests to determine
a reliable method of initiation so that output (breakout) from the spherical
charges was as simultaneous as possible. (See Ref. 12.) Prior to conducting
the Phase I experiments, 12 PBX-9404 charges, two pentolite charges and two
TNT charges were selected at random and were assembled under the direction
of personnel from Pantex. The assembly consisted of gluing the Reynolds
Industries RP-2 exploding bridgewire detonator into the specially machined
cavity in each charge. Extra care was taken when assembling the TNT charges,
since these charges had a small PBX-9404 pellet at the bottom of the cavity
(to provide reliable and consistent high order ignition) which has to be proper
ly seated. These assembly procedures were followed throughout the test program.

Each test began with the preparation of a data sheet which defined the
gage location, gage serial numbers, amplifier gain, charge location, and other
test information for the range personnel. The technicians would then install
the gages in the model and connect them to the instrumentation system. If a
gage had already been installed, then all exposed wiring was inspected and
corrected if necessary. The gages were checked for continuity at the amplifier
to ensure that each channel was properly connected and that the transducer was
electrically sound. The test prolog and the 1.0 volt, 1 kHz calibration were then
recorded on each of the three analog tape recorders.

A technician then examined each transducer from the inside of the model.
Any debris on the .transducer diaphragm was carefully cleaned off. The Endevco
gas gages have a recessed diaphragm. The cavity on the exposed face of the
transducer must be filled with an opaque grease to protect the transducer and to
prevent a photoelectric response from the light emitted from the fireball.
This cavity was filled with a syringe prior to each test (after Test 4) with
the grease provided by Endevco. A thin coat of Dow Corning DC-4 was applied
over the diaphragm for thermal shielding. The last step in preparing for the
test was to suspend the charge at the location specified for the test. This
was accomplished by placing the charge in a portion of a fish net, and hanging
the net from one of several nuts which had been welded to the roof of the high
bay. Charge locations are shown in Fig. 7. Nuts welded to strategic points
on the floor provided additional tie-down points to ensure that the charge was
suspended as close as reasonably possible to the desired charge location. Still
photographs of the suspended charge were taken before the two manhole doors were
closed. The pneumatic valve used to relieve the pressure in the model after a
test was checked to ensure that the valve was closed. The range was then
cleared of all personnel.

At this point, the tape recorders were placed in the record mode, and the
charge was fired. The tape recorders were left on for a minimum of 10 seconds
before being turned off. Once all recorders had been shut down, the pneumatic
valve was opened remotely, and the pressure in the model was allowed to vent.
The lead technician then checked the current weather conditions and made the
appropriate entries on the data sheet. The manhole covers were opened, and fans
were placed in front of the openings to clear the detonation products from the
model. The fans were run for one hour before any personnel had access to the
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inside of the model. Then the exterior and interior of the model were examined
for any signs of damage and/or gas pressure leakage.

Phase I Test Matrix

The 12 tests planned for Phase I are summarized in Table 1. Test 0 was
planned for a leakage check of the model, but also yielded some useful transient
pressure data, so it is included in the matrix. As noted earlier, the primary
purpose of this phase was to define transient and long-term pressure loads in
areas out of the high bay, so instrumentation was concentrated there for most
tests in this phase.

Phase II Test Matrix

This phase included 37 tests, arranged according to the matrix in Table 2.
Heie, the-high bay area was instrumented more completely. Note that, in both
phases, tests in any specific configuration were replicated at least once,
and usually twice, to determine repeatability of measurements. For Tests 40-45,
the model was modified by welding a closure over the high bay door, to lower the
internal volume and increase quasi-static pressure.

TEST RESULTS AND DISCUSSION

We recorded useable data on most recording channels on all tests, except
during Tests 12, 13 and 22 when a tape recorder malfunctioned, or during most
of the tests when transducers were damaged by severe thermal, shock, or frag
ment impact loads.

The reduced data, in a format of one time history per page, are truly
voluminous, and appear in Ref. 4, 6, and 7. They are much too extensive to
reproduce here. Typical blast pressure records are shown in Fig. 8, and gas
pressure records in Fig. 9. The multiple shocks were quite pronounced in the
high bay area, but were markedly attenuated at almost all locations out of the
high bay. Quasi-static pressures in this gastight model quickly equilibrated
throughout the model (within 15-35 ms). The test data replicated very well,
with all features of the complex time histories of pressure being essentially
repeated during repeat tests, and small scatter in quasi-static pressure
measurements.

During the Phase I testing, it quickly became apparent that quasi-static
pressures for PBX 9404 explosive were considerably lower than predicted from
methods in Ref. 2 which are based on TNT data and comparative heats of detona
tion of the two explosives. A summary of these measurements from the Phase I
tests appear in Table 3.

In the Phase II testing, much more data were accumulated on quasi-static
pressures, because explosive charge weight. test chamber volume and type of
explosive were all varied. The average values for PQS for all tests are
plotted in Fig. 10 versus the -"loading density" v.l/V. The line for TNT is
reproduced from Ref. 2. Note that all data for PBX 9404 lie below the predic
tion line, while data for cylindrical and cased cylindrical charges lie above the
line.
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Table 3. Summary of Quasi-Static Pressure Measurements
from Phase I Tests

PQS (PSII Estimated From

Blast Door Gas Gages Blast Gages
Test No. Position PQS S.D. PQS S.D.-

1 Closed 43.3 1.1 41.2 6.3

2 Closed 49.1 ' 2.0 51.7 6.0

3 Closed 45.9 0.7 48.6 8.1

4 Closed 46.9 4.2 44.4 4.6

5 Closed 41.0 0.9 46.2 6.4

6 Closed 43.7 2.1 46.0 1.1

10 Closed 51.5 5.5 50.6 6.1

11 Closed 41.3 1.5 44.1 5,1

12 Closed 49.1 3.5

46.5 ± 3.4 46.1 ± 3.5

1 Open 40.5 2.5 38.0 1.8

8 Open 40.1 1.6 39.5 4.3

9 Open 40.2 1.6 39.0 6.2

40.3 ± 0.2 38.8 ± 0.8

0 Closed 11.0 6.3 85.4 10.5
(TNTI
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We realized that the quasi-static pressures in this range of loading density
must depend on the heat of combustion of the explosive, as much as the heat of
detonation, because there is enough oxygen in the air in the chamber to allow
considerable afterburning and consequent heat addition to raise the pressure.
Measurements of heats of combustion during Phase II allowed us to adjust the
effective charge weights for the explosives, in a manner described in Ref. 5.
The high quasi-static pressures for the cylindrical charges were at first
puzzling, until we realized that both types of cylindrical charges had combus
tible plastic discs in intimate contact, and that the aluminum casing for the
cased charges could also be partially combustible." Accounting for the effect
of these energies on the quasi-static pressure allowed us to adjust the corre
lation with w/v, as shown in Fig. 11.

Unlike the quasi-static pressure data, there were no particular surprises
in the shock pressure data. We did note, however, that the effects of chang
ing charge geometry from spherical to cylindrical with LID ratio of 1:1 were
minimal. Also, the change from single spherical charges to pairs of spherical
charges with the same total weight produced only minimal changes in shock pres
sure signals, for the particular charge location and gage measuring stations
chosen in this program.

CONCLUSIONS

We can summarize by giving the major conclusions of the Phase I and Phase
II testing as follows:

o Replication of tests yielded consistent results

o Shock loading is strongly attenuated by propagation
through the highbay door into the lowbay

o The quasi-static pressure is independent of charge location

o The quasi-static pressure is dependent on the explosive type,
explosive weight ~nd the enclosed volume

o Cylindrical charges with LID ratios of 1:1 produce shock loading
similar to equal weight spherical charges

o For the configuration tested, multiple charges yield the same
results as an equivalent single charge

o Material near the charge can substantially increase the quasi-static
pressure.

The reduced data for shock loading on the walls of the high bay area are
voluminous and could be used as a data base for verifying analytical or empirical
shock loading prediction methods in design manuals. That task was not, however,
part of the scope for this work.
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QUASI-STATIC PRESSURE, DURATION. AND IMPULSE
FOR EXPLOSIONS IN STRUCTURES

W. E. Baker
Charles E. Anderson. Jr.

Bruce L. Morris
Donna K. Wauters

Southwest Research Institute
6220 Culebra Road
San Antonio, Texas

ABSTRACT

Similitude analysis has been used to obtain dimensionless parameters
for peak quasi-static pressures, blowdown duration~ and specific impulse for
blast loading within enclosures. Data from the United States and Europe have
been collected and analyzed, and then displayed graphically according to rela
tionships derived from the similitude analysis. Three graphs are presented,
along with appropriate curve fits, of the peak quasi-static pressure versus
the ratio of charge weight to enclosure volume, the reduced duration versus
the reduced pressure, and the reduced specific impulse versus the reduced
pressure.

NOMENCLATURE

A = surface area of enclosure
F = unit of force
L = unit of length
T = unit of time
V = enclosure volume
W unit of energy

= charge weight
ao = sound speed of air
c exponential decay constant
f = functional relationship
g = functional rela tionship
h = functional relationship
i g specific (ga s) impulse
p pressure
Po = ambient pressure
PQS = peak gage quasi-static pressure
Pl = peak absolute quasi-static pressure
t = time
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tmax
aeff
y
7T

't'

a

= duration
ratio of effective vent area to total enclosure surface area
ratio of specific heats

= nondimensional term
nondimensional duration

= standard deviation

Superscripts :

- (bar)
1\ (carrot) =

nondimensional term
calculated quantity from curve fit

INlRODUcrION

The loading from an explosive charge detonated within a vented or un
vented structure consists of two almost distinct phases. The first phase is
that of reflected blast loading. It consists of the initial high pressure,
short duration reflected wave, plus perhaps several later reflected pulses ar
riving at times closely approximated by twice the average time of arrival at
the chamber walls. These later pUlses are usually attenuated in amplitude be
cause of irreversible thermodynamic process, and they may be very complex in
waveform because of the complexity of the reflection process within the struc
ture, whether vented or unvented. Maxima for the initial internal blast loads
on a structure can be estimated from scaled blast data or theoretical analyses
of normal blast wave reflection from a rigid wall. Following the initial and
secondary shock wave reflections from the internal walls, the pressure settles
to a slowly decaying level -- the shock wave phase of the loading is over.
The second phase of a slowly decaying pressure is a function of the volume and
vent area of the structure, and the nature and energy release of the explo
sion.

The process of ~eflection and pressure buildup in either unvented or
poorly vented structures has been recognized for some time, dating from World
War II research on effects of bombs and explosives detonated within enclo
sures. However, very little data were available from WWII and no attempt was
made to understand or relate the physical processes until 1968 when Weibull
[1] correlated peak quasi-static pressure versus the charge weight for a ser
ies of experiments with TNT detonated within a vented enclosure. More recent
ly, study of these pressures has revived because of interest in design of
vented and unvented explosion containment chambers.

A typical time history of pressure at the wall of a vented structure is
shown in Figure 1. One can see that the maximum quasi-static pressure is
quite difficult to define because it is obscured by the initial shock and
first few reflected shocks. Obviously, several reflections must occur before
irreversible processes attenuate the shocks and convert their energy to quasi
static pressure. Therefore, it seems inappropriate to call point A in Figure
1 the peak quasi-static pressure, although this is the point used by Kingery,
et al. [2] to compare with code predictions from Proctor and Filler [3] and
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the Kinney and Sewell equation [4]. A better approach is to allow some time
for establishing the maximum pressure, such as point B in Figure 1. The
smaller the vent area to the total wall area, the closer the pressure at point
B will be to that at point A, and in the limit of the vent area being zero
(that is, an unvented enclosure), the pressures at points A and B will coin
cide.

Figure 1 also illustrates another problem inherent in reduction of
vented pressure data: accurate determination of duration of this pressure.
When the pressure approaches ambidnt, the shock reflections have largely de
cayed. But. the pressure approaches the baseline nearly asymptotically so
that the duration is quite difficult to determine accurately. A possible du
ration tmax is shown in the figure.

In spite of complexities in the venting process, gas pressures and
their durations can be predicted with reasonable accuracy. particularly if one
differentiates between these relatively long term and low amplitude pressures
from the internal blast pressures resulting from blast wave impingement and re
flection. Generally of great interest in the blast loading of structures re
sulting from interior explosions are the peak quasi-static pressure, the dura
tion. and the total impulse. The following paragraphs will develop and de
scribe relationships among various physical parameters. Functional relation
ships will be derived from similitude analysis, but the exact functional form
cannot be ascertained from this analysis without invoking restrictive. simpli
fying assumptions. However, a large quantity of experimental data, from a va
riety of sources [1-22]. allow empirical relationships to be obtained.

SIMILITUDE ANALYSIS

A model analysis was performed to determine the functional form of the
quasi-static pressure versus physical parameters pertinent to a vented struc
ture. The problem is envisioned as an instantaneous energy release of magni
tude W inside a confined volume V. A vent area (aeff A) exists through which
internal gases can escape, where aeff is the e(fective ratio of vent area to
total cross-sectional area of the walls. Ambient atmospheric pressure Po ex
ists initially inside and outside the confined volume. To define an equation
of-state for the gases in this problem requires two additional parameters
which are the ratio of specific heats y and speed of sound ao ' Table 1 summa
rizes the parameters in this problem and lists their fundamental dimensions in
a system of units of force F, length L, and time T.

Nondimensional numbers, or pi terms, can be developed from the list of
variables in Table 1. The assumptions in this analysis are all in the defini
tion of the problem. Phenomena are not considered which do not have parame
ters listed in the table. Probably the major assumption invoked is that ther
mal effects are ignored -- in other words, the pressures dissipate through
venting and not through the conduction of heat into the walls of the struc
ture. An acceptable set of pi terms which result are:
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7t1 = pip
0

(a
eff

A)
7t2 ';/3

7t3 = Y

7t4
_,_
Po V

a t
7t5

= _0_'_

V1/ 3

i
7t 6 = ---A....

Po t

(1)

( 2)

(3)

( 4)

( 5)

(6)

Note, however, that 7t6 adds no new information since the impulse can be ex
plicitly obtained by integrating the pressure with respect to time.

In general terms, dimensional analysis states that the functional for
mat for the reduced pressure, 7tl, is given by:

at]
y, V~/3 (7)

If we are only interested in predicting the peak quasi-static pressure, the re
sult will not depend upon time, hence the functional form must be invariant
with respect to the last pi term. Likewise, for y a constant (as it would be
for air), the functional form will not depend upon y, hence:

__ [_w_ (aeff A)]
p - f p V' 2/3

o V
( 8)

where p is the ratio of the maximum absolute quasi-static pressure to ambient
pressure, i. e.:

( 9)
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and PQS is the conventional gage quasi-static pressure. Provided the flow
through the vent is small relative to the rate of energy release, the maximum
pressure will occur before significant venting has transpired. And since the
ambient pressure is essentially an invariant. Equation (8) can then be written
for the maximum quasi-static pressure:

f[~J (10)

The blow-down time, or duration, can also be expressed as a functional
relationship with respect to the other pi terms:

t a o [ (aeff A) w]
VI/3 = g;:, ';'/3 ' r, Po V (11)

But it just has been shown. if the maximum quasi-static pressure is reached
before significant venting occurs, that the last term W/(PoV) is a function of
the first term, p/po' And, since r is an invariant, Equation (11) becomes:

t a__0

. 1/3
V

(12)

Based on a theoretical analysis of chamber venting by Owczarek [22J,
Baker and Oldham [24] showed that

or

t a__0

VI 13
II: (13)

t (14)

In physical terms, Expression (14) states that the blowdown time is directly
proportional to the chamber volume divided by the effective venting area, not
an unexpected result. Expression (13) thus allows us to simplify Equation
(12) by defining a new scaled time ~:
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(IS)

(16)

Thus, the scaled duration is also only a function of the reduced pressure.

The last relationship to obtain is.a nondimensional, or reduced, im
pulse 19 • Figure 2 shows a simplified form for. gas venting pressures. In
this simplified form, the gas venting pressure is assumed to follow the solid
curve which rises linearly from time zero until it reaches, at time tl' a
curve which is decaying exponentially from an initial maximum value of PI'
where PI is the absolute quasi-static pressure at time t= O. The decay then
follows the time history

-ct
p(t)=Ple (17 )

until it reaches ambient pressure Po at time t = 1max. The exponential decay
is shown to agree well with experiment (Kingery, et ale [2], and Schumacher,
et ale [S]). The cross-hatched area under the overpressure curve is defined
as the gas impulse i g, and is found by integrating Equation (17) with respect
to time:

t t

(PI
-ct

- po) dti fmax [p(t) - po] dt fmax eg
0 0

PI (1 - -ct )max t (18)= e - Poc max

The duration, tmax' will be obtained from Equations (IS) and (16). Likewise,
as will be shown later, the exponential decay factor, c, can be written in
terms of t max and p. As stated earlier, the impulse can thus be found ex
plicitly from the other nondimensional relationships, but it is still useful
to display the impulse graphically. Since the impulse depends upon the dura
tion and the pressure, and the scaling factor for time is given by Expression
(14), then a suitable choice of parameters to scale the impulse is:

i
g
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",

Figure 2. Simplified Pressure-Time History for Venting
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But the maximum pressure and the scaled duration are functions only of the re
duced pressure. hence

i
g

(20)

Equations (10), (16). and (20) express the functional relationships be
tween the various physical parameters. The next section will empirically
determine the functional forms via curve-fitting of experimental data. Ho_
ever, a brief discussion of the effective vent area ratio. aeff' is in order.

Venting can be geometrically quite complicated for some structures.
particularly those structures referred to as suppressive structures which of
ten have three to six wall layers with various staggered venting patterns so
fragments will not escape the confinement. For multi-walled confinement. an
effective vent area ratio must be computed. To compute aeff for a multi
walled structure. we have used

_1_
aeff

N

L
i = 1

L
a.

1

(21)

where N is the number of elements in a suppressive structure panel. Although
no proof of this relationship is presently possible. it does reach the appro
priate limits for small and large numbers of plates. For example. if only one
plate is present. aeff = al as it should. If an infinite number of plates is
present. aeff = O. with the flow completely choked. If one of the plates is
solid. and thus has a zero a. aeff = 0 as it should. If all plates have the
same value for a. aeff = a/N. which is a number smaller than a for a single
plate as would be expected. In each member. a is defined according to:

(22)

For plates. the meaning of this definition is obvious. However. in angles and
louvres. the definition is less obvious since angles and louvres are more
efficient in constricting flow than are plates with holes. Details for comput
ing the a's for more complicated geometries can be found in Baker and Oldham
[24J and Baker. et al. [25].

GRAPHICAL DISPLAY OF DATA

The preceeding discussion determined which physical parameters are in
terrelated. This analysis permits the judicious .choice of parameters to
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display experimental data graphically. Equation (10) states that the peak
quasi-static pressure is only a function of the charge energy-to-volume ratio.
Thus. a plot of experimental data of PQS versus W/V will determine this func
tional relationship. Figures 3 and 4 display the data from 177 tests. and as
can be seen, the experimental data range over several orders of magnitude.
Figure 3 is a graph of the data in metric units, while Figure 4 is the identi
cal graph except it is displayed in English units. The data include tests
conducted with the following high explosives (BE): INT. PEIN. PBX-9502. 50/50
Pentolite. dynamite. C-4. Comp B, and BDX.

One approximation has been made in plotting these data. For any given
high explosive. the charge energy is directly proportional to the explosive
mass. Also. the energy-to-mass ratio for most high explosives is approximate
ly the same. Figures 3 and 4. for convenience. use the mass of the explosive
for the symbol W. No attempt has been made to normalize all the high explo
sives to TNT since the scatter in data from experiments with the same high ex
plosive often masks the effects of slight variations of the energy-to-mass ra
tio differences between explosives. (For carefully controlled experiments.
the differences in effects of energy variation between explosives can be mea
sured. Indeed. for a series of experiments conducted by Hokanson, et al.
[21]. where quasi-static pressures were measured for bare explosive and the
same explosive mass encased in plastic and aluminum. the contribution of the
oxidized casing to the peak quasi-static pressure was theoretically computed
and measured experimentally.) It should be noted. however. that if explosion
scenarios other than BE detonations are of interest. e.g., various fuellair
mixtures, then the TNT equivalent weight should first be determined and then
used for W if these graphs are to be used to determine the peak quasi-static
pressure.

It is reasonable to expect the peak quasi-static pressure to be direct
ly proportional to the charge weight, and examination of the data in Figure 3
confirms this supposition for small and large W/V. For intermediate values of
W/V. a transition region is evident. For W/V < 0.4 kg/m3 • complete oxidation
of the explosive occurs. But if W/V is too large. insufficient oxygen is
available to convert all the potential energy available in the explosive
charge, and the energy release is reduced by the ratio of the heat of detona
tion to the heat of combustion. Thus, for W/V ) 11.0 kg/m3 • the primary oxi
dizer available is that in the explosive itself. A transition region, 0.4 <
w/V < 11.0, connects the two regions. Linear least-squares curve fits have
been performed on the data in the two end regions, and are shown in Figure 3.
A seventh-order polynomial of the form:

- All curve fittings in this article have been performed in log-log coordi
nates. Linear thus refers to the form of the curve in a log-log plot.
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2 3= a
o

+ a
1

log (W!V) + a
2

[log (W!V)] + a
3

[log (W!V)] +

(23)

was then used to curve fit the entire range of data, where log represents the
logarithm to the base 10. Such a high order polynomial is required because of
the number of constraints: the slopes and intercepts at each end, the points
where the polynomial connects with the straight lines, and the constraint that
the curve be a least-squares fit. This is a total of seven constraints which
stipulates at least a sixth-order polynomial for the curve fit. But the ap
pearance of the data in Figure 3 implies that an odd function (as opposed to
an even function) should be used. Hence, a seventh-order polynomial becomes
the minimum order polynomial stipulated. Table 2 lists the coefficients of
Equation (23) as well as the linear expressions for the two asymptotes. Table
3 lists the comparable coefficients and asymptotes for pressure in psi and W!V
in Ib!ft3 (Figure 4).

The standard deviation for Equation (23) has also been computed but
needs to be interpreted properly. The standard deviation, a, is usually used
as an estimate of the scatter in data, or error in predictions. One standard
deviation encompasses approximately 68 percent of all data values. The uncer
'tainty in estimating an observable is often written as the calculated quantity
plus or minus one standard deviation:

(24)

where PQS is the estimated quasi-static pressure, PQS is the computed quasi
static pressure from the curve fit, and a c is the computed standard deviation.
Define ao su~h that

log a = a
o c

,The right-hand side of Equation (24) can then be written as

so that Equation (24) can be rewritten as:
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Table 2. Summary of Peak PQS Versus I/V

[MPa Versuskg/m3 ]

log PQS = 0.30759 + 0.51815 log (W/V) - 0.150534 [log (1/V)]2 +

0.31892 [log (1/V)]3 + 0.10434 [log (W/V)]4 - 0.14138 [log (1/V)]5 +

- 0.019206 [log (W/V)]6 + 0.021486 [log (1/V)]7

Correlation Coefficient. r: 0.993

One Standard Deviation: Go 1.247

1\

~ 1\
1.247 i PQS i 1.247 PQS

Asymptotes:

3
W/V i 0.4 kg/m

W/V 2. 11.0 kg/m3

~QS 2.347 (W/V)0.839S

P
QS

= 1.1004 (W/V)0.9202
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G 1.143
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Table 3. Summary of Peak PQS Versus W/V

[psi Versus lb/ft3]

A 2
log PQS = 3.3138 + 0.952133 log (W/V) + -0.023074 [log (W/V)] +

- 0.317807 [log (W/V)]3 + 0.149364 [log (W/V)]4 + 0.374595 [In (W/V)]5 +

0.161978 [log (W/V)]6 + 0.021486 [log (W/V)]7

Correlation Coefficient. r: 0.993

One Standard Deviation: Go 1.247

Asymptotes:

W/V i 0.025 lb/ft3 " (W/V)O.8435PQS = 3495. G = 1.143
0

W/V 2. 0.70 lb/ft
3 A (W/V)o.9393PQS = 2049. G 1.300

0
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(27)

(28)

Tables 2 and 3 give 00' as well as the" correlation coefficient (which is a
measure of the confidence of the curve fit).

Here we would like to mention our uncertainty of whether the slopes of
the two asymptotes should have the same value. The slopes are not appreciably
different, and particularly with the scatter prevelant for large W!V, it is
not unreasonable to speculate that the slope should be identical. However,
for the present, we have elected to report the linear least-squares, that is,
the best fit to the data.

In deriving Equation (10), the assumption was made that the flow
through the vent (for neff + 0) is small relative to the rate of energy re
lease so that the maximum quasi-static pressure occurs before significant
venting has transpired. Keenan and Tancreto [22] obtained no measurable
quasi-static pressure for values of (aeff A!V2!3) L 0.772. Of the data plot
ted in Figures 3 and 4, the maximum reduced vent area ratio was 0.3246. Thus,
Figures 3 or 4, and Tables 2 or 3, are valid for

neff A
o i y2!3 i 0.3246 ( 29)

For a vented enclosure (neff + 0), Equation (16) suggests that the du
ration, i, be plotted versus the reduced pressure, p, given by Equation (9).
Seventy of the data points from Figure 3 or 4 represent vented enclosures, and
these are plotted in Figure 5. It can be seen that the duration has consider
able scatter because of the difficulty in determining when the overpressure
has returned to ambient. Note, however, that the uncertainty in duration has
negligible impact on the impulse since the total area under the pressure time
curve is not sensitive to the exact location of t max • A linear least-squares
curve fit has been performed on the data and is shown in Figure 5, and the re
sults are summarized in Table 4.

From the linear curve fit, it is straightforward to compute tmax from
Equation (15) as a function of p:

t max
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Table 4. Summary of ~ Versus p

.. =
t a__0

V
I/3

p

Linear Curve Fit:

~ = 0.4284 (p)0.3638

Correlation Coefficient, r: 0.799

One Standard Deviation: Go 1.50

't -
1.50 i 't i 1.50 't
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The constant c in Equation (17) can now be evaluated:

-c t
(PQS + P )

max
Po e

0

_l_ In ("QS
p

: Po)c = t
max

(31)

(32)

The specific impulse is then obtained from Equation (18), which after some re
arrangement of terms, reduces to:

i =(~- p ) t
g In p 0 max

where p is given by Equation (9) and t max is given by Equation (30).

(33)

As we have already stated, and just shown with Equation (33), the spe
cific impulse can be obtained directly from the peak quasi-static pressure and
the duration. However, because of the interest in specific impulse for com
puting the loading of structures, it is often convenient to have a graphical
representation of specific impulse. Equation (20) indicates that an appropri
ate parameter for the abscissa is the reduced pressure. Sufficient informa
tion was reported to compute specific impulses for 75 of the tests. Figure 6
displays these reduced impulses, i g, versus the reduced pressure. A linear
least-squares curve fit was also performed on these data, and is displayed in
Figure 6. Table 5 summarizes the curve fitting information.

Quadratic least-squares curve fits were also performed on the data in
Figures 5 and 6. However, the standard deviations differed by less than seven
percent between the linear and quadratic curve fits for duration, and differed
by only two percent for the reduced impulse. A two-sample comparison of vari
ance was performed using the F ratio test at a 99 percent confidence level.
For the linear and quadratic curve fits to be different statistically, the ra
tio of their respective a's must exceed approximately 1.7. Since the ratio of
their a's is much less than 1.7, there is no significant difference in the
linear versus quadratic curve fits -- hence, only the expressions for the lin
ear curve fits have been reported.

SUMMARY

A sizeable quantity of data have been compiled and analyzed to obtain
peak quasi-static pressure, and the duration and impulse for explosions within
structures. Similitude analysis indicated an appropriate choice of parameters
for graphically displaying the data. Peak quasi-static pressure was found to
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Tabl e 5. Summary of is Versus p

-
i

g

p =

Linear Curve Fit:

1 = 0.0953 (p)1.3S1
g

Correlation Coefficient, r: 0.977

One Standard Deviation: Go = 1.53
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be a function of charge weight to chamber volume. Also. a nondimensional dur
ation and a nondimensional specific impulse were found to be functions only of
the reduced. i.e •• nondimensional. pressure. The data range over several or
ders of magnitude and have thus been presented on log-log plots. Least
squares curve fits have been performed and reported. with their standard devi
ations. to provide appropriate analytic functions to relate the physical pa
rameters. Thus. for high-order detonations within enclosures. the peak quasi
static pressure. and if the enclosure is vented. the duration and specific im
pulse. can be ascertained from the graphs on the respective analytic expres
sions.
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ABSTRACT

The purpose of this paper is to present the development
of a new· steel containment vessel to contain the explosion
effects of two Viper rounds. The containment vessel was utilized
in a production facility for the load/assemble and packout of
Viper rocket systems. At one stage of the production process,
continuity checks must be made on the live rounds. During this
operation, there is a remote potential of accidental initiation,
thus, a need arose to protect personnel from the explosion effects
of the Viper rounds.

A vented containment vessel was developed to permit the
explosion products to be vented out- through the roof of the pro
duction facility. The containment vessel was designed to contain
metal fragments, blast and shape charge effects. At the same
time, the Viper rounds could be easily moved into and out of the
containment vessel without hazard. During this development, addi
tional fragmentation and blast output tests were conducted to
determine precise output of the Viper rounds. This data yielded
lower blast output than did previously recorded information.
Thus, in the original design of the containment vessel, higher
blast output and fragment effects were considered. The contain
ment vessel of 6 ft. diameter by 30 ft. high can withstand 125
percent TNT equivalence of the two Viper rounds without deforma
tion or adverse effects on personnel.

Preceding page blank
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INTRODUCTION

In 1980, General Dynamics Incorporated rebuilt an aban
doned loading facility at Camden, Arkansas for the ,purpose of
load/assemble and packout (LAP) of Viper weapon systems. In
the Viper Production Building, a critical electrical continuity
check is required on the Viper round assembly. As a safeguard
to personnel and facilities, a containment vessel was necessary
to contain an accidental initiation at this point.

This vessel must contain blast output, fragments and
shape charge effects to prevent hazard to personnel in the areas.

RISI Industries located in Chula Vista, California was
contracted by General Dynamics to supply various shields, tables
and tooling for the LAP operations. RISI Industries had con
tracted Safety Consulting Engineers, Inc. to develop a safe
structural design against blast, fragments and shape charge for
the containment vessel. The SCE analyses supplied RISI Indus
tries with the parameters sufficient to provide detailed design
of the containment vessel. In addition, Safety Consulting Engi
neers, Inc. was contracted to conduct qualification tests on the
production containment vessel to be supplied to General Dynamics.

VIPER ROUND CHARACTERISTICS

A. Configuration

The Viper round consists of a rocket motor attached
to a warhead assembly as shown in Figure 1. This entire round
is placed into a launch tube and sealed accordingly for shipment
to the field. The launch tube assembly contains the electrical
power pack to charge a capacitor to fire the warhead and also to
initiate the rocket motor. Normally, the sequence of events of
firing the round is that of charging the warhead initiator power
capacitor and then initiating the rocket motor. The rocket motor
fire~ for approximately one second. The shape charge warhead is
armed at a specific distance from the initiating point and is
initiated upon impact with the hard target.

B. Blast Output

For the initial design input of the containment
vessel, blast output data obtained at ARRADCOM on LX-14 billets
(see Reference 1) was utilized. The peak side-on pressure and
impulse for LX-14 as compared to TNT is shown in Figure 2. Since
the TNT equivalency values of LX-14 appeared to be extremely high,
additional TNT equivalency and blast pressure measurement testing
was conducted of the Viper rounds. As a calibration, one pound
of Pentolite charges were detonated. The results of the SCE
blast tests are also shown in Figure 2. The peak reflected pre
ssure/impulse of airburst TNT charges and LX-14 eqUivalent charges
are shown in Figure 3.
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This data is utili~ed for the design and structural considerations
of the containment vessel from a blast standpoint. 1~c TNT scal~d

distance-~last pressure and impulse data was obtained from nef
erencc 2.

Previous TNT ~quivalency tests conducted on LX-14
pee Reference 1 utilized cylindrical LX-l4 Viper billets. T~

correlat~ this data to cylindrical TNT charg~s, correlation
factors as gi~~n in Reference 3 are needed. The ratio or the
~ylindrical cylinder to sphere pressures as a function of scale
distance is shown in Figure 4. Thus, tor a scale distance of 5,
the peak pressure of the cylinder is between I.G and 1.85 times
that cf the pressure of a sphere. Thus, when TNT eqUivalencies
are being calculated, significant error can be realized in re
porting blast output~ of cylindrical charges.

c. Fireball Si~e

Fireball radius of an e~plosive charge can be deter
mined from equations in Reference 2 as a function of charge
weight. The diameter of the fireball and the fireball duration
can be c~lculated by utilizing the following eqUations taken
from Reference 4:

Df

t f

where

Of

t f

W

=

=

=
=
=

9.56 wO. 325

0.196 wO. H9

fireball diameter, f~.

fireball time of duration, seconds

charge wei1ht in pounds

~
.~
.~.l*l

••l.:J.~

Calculations were made from C.S to 4 pounds charge
weight to determine the fireball radius and duration of time.
The results of these calculations are shown in Figur0 S. Actual
LX-l4 test data as recorded from Refer~nce 1 indicat~s that the
firebalJ radius is 4.5 ft. This radius is less than the radius
of an equivalent TNT charge at on~ pound.

D. F,~gments and Missiles

The case fragments, weight and velocity and dis~ri

butions for the Viper round as cctain~d from Tccom testing per
procedure TOP/MTP4-2-811 as reported in Report No. FRNOP-82754
is shown in Figure 6. Here, we see that the average aluminum
case fragments are propelled at approximately 6,000 ft. per sec
ond and weigt between S to Ie gtains. This data was utilized
for the desig~ of the fragment shield portion of the containment
vessel •
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E. Rock~t Firi~

The rock~t, if accidentally initiated, has a total
burll time of les~ than one second imparting a peak velocity to
the rou~d of about 9~0 ft. per ~ccon~. Thus, the round must be
adeq'.1ately cont.:lined in the containment vessel so that if an
accir.e'ltal rl)ckct i ir i ng should occur, the rO'.lnd wi ~l not move.

DESJG~ PHILOSO?!!Y

The containment ve::Del was to be des iqncd to occupy r;',i
nimum space in the proauction facility and yet aid the production
flow in the electrical ch~ckout of the round. ~ vent~d contain
ment ve!2sel would prOVide t:-tc smallest occupied volume ill Q pro
due'ion facility, and thu~ was selected for this application. A
cylindrical-shaped co~t~i~~ent vessel was cnos~n to provide easy
access and maxi~~m strength for configuration dnd volume. An
inner fragment shield was incorporated to assure integrity of
the blast shield structure. Fragment impacts ggnerate stress
concentrations in ~he primary blast containment vessel which
could l~ad to ~ailure over a tlme period. The containment vessel
was des:gncc so ~hat two Viper rocket assemblies could be moved
.;nto the cha:nber at one time and be electric.:llly checked ir. a
re~ote ~onditi~n. Thus, two round feed doors are needed which
~would oper~te si~ultaneously to open both the fragment-shield
portion and the outer containment ve::>s~l. 7he shield opening
elev~tion should be convenient for the o?erators so they can
move rounds in and out of the shield without difficulty. A
su:nmaq' of the design crite:-ia is shown in Table 1.

CONTAINMENT VESSEL DESIGN

A. Fr30mentation Shield

---

~alculations were made to determine th~ fragment
velo=ities necessary foe penetrating various mild steel plates
using techniques from Reference 2. Aluminum fragment weights
versus fragn1ent vp.locities req~ired to penetrate three steel
plate thicknesses are shown in Figure 7. H~re, we see that an
aluminum fragment going at 10,000 ft. per second would penetrate
a steel plate of a half-inch thickness if its weight was greater
than 40 grains. A creditable fragmen~ velocity ~nd weight as
seen from Figure 6 is approximately 9,000 ft. per second and 30
grains res~ectively. Thus, we see from Figur~ 4, that a hali
inch steel plate wou~d be adequate to prevent penetration of
aluminum fragments from the warhead. Based on the round heigr.t
in the containment vessel of approximately three feet, the mcx
imum height of the fragment shield shoul] be seven feet to pre
vent angle-spray impact onto the exterior containment vessel
walls.
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B. containment Vessel Configuration

The containment vessel will be vented through the
roof of the existing production building. The vent should be
designed so that the maximum blast side-on pressure emanating
from the end of the vent is less than 2.3 psi. The stack vent
peak side-on pressure was calculated using techniques in
Reference 2. The incident pressure outside of the stack was
calculated using the following approximate equation:

~
A ~ O.401

rl/
j 1.496

P = 290 ~ ~
s v2/3 R

where

R = A distance from the stack exit to the point
of interest in feet

W = Charge weight in pounds

Thus, for a 3.76 pound TNT equivalent charge ini~

tiated in the center of the containment vessel, the peak side-on
pressure at the stack outlet as a function of height from the
floor is illustrated in Figure 8.

C. Vessel Blast Constraint Configuration

Blast analysis in accordance with Reference 2 was
conducted on the cylindrical containment vessel design to esta
blish the optimum wall thickness of the outer blast containment
vessel, the height of this vessel, and its structural integrity
elements. Response equations were utilized to evaluate the
effect of the shock pulse and gas pulse on the cylindrical
structure. Optimization studies were conducted to determine the
maximum height of a six-foot diameter cylinder to reduce the
blast loads and gas pressure loads on the structure. Studies
were conducted on vent diameters of 40 inches. A summary of the
structural calculations for the inner fragment shields, the outer
blast shield, transition and the stack are found in Table 1.
Maximum deflections of each of the components were also calculated
and listed in the same table.

A 12-foot high by six-foot diameter blast containment
vessel of 0.75 inches thick was obtained to assure structural
integrity of the containment vessel under a 3.76 pound TNT equi
valent explosion charge (maximum output of two viper rounds.) A
final structural configuration is illustrated in Figure 9. Inner
fragment shield thickness was calculated to be one inch to insure
its blast load structural integrity. The outer shield can safely
withstand the blast loads with a wall thickness of 0.75 inches.
The stack wall thickness of 0.5 inches is adequate to maintain
stack structural integrity.
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SPECIAL DESIGN CONSIDERATIONS

A. Access Door Analysis

The maintenance access door was necessary to clean
out the interior of the containment vessel from time to time.
It is desired that the maintenance door be as far away from the
rounds in the design configuration to minimize the load on the
door. The door design selected was an interior door placed on
the interior of the blast containment vessel area so that loads
imparted into it would be distributed onto the outer shield lip
area. By utilizing techniques in Reference 2, the door thick
ness and position from the Viper rounds was optimized to maintain
maximum door integrity. The overhang of the door was selected
based on the blast stresses ~mparted from the door into the
containment vessel. Peak reflected pressures and durations were
calculated for the expected locations of the door. Explosion
blow-down times were calculated and the access door natural
period was determined. With this information, the structural
resistance of the door could be calculated. In addition, the
reaction loads on the door were also calculated. The door with
the wall thickness of 0.75 inches meets structural integrity
satisfactorily as a result of the explosion environment. The
door was positioned approximately 5.5 feet away from the center
of the potential burst to minimize the structural loading on the
door. The final configuration of the access door is shown in
Figure 10. Here, we see that there are six tabs that secure the
door snugly up to the shield opening with a two-inch lip area
around the opening.

B. Round Feed Doors

The rocket assembly feed door had to be at least 36
inch~s high and as wide as structurally permissible. Door loca
tionswere directly in line with the round in a horizontal direc
tion. Structural analysis was conducted to determine the minimum
thickness of door required and the maximum width of door permitted
to maintain structural integrity. Also, the degree of overlap on
the door. was also determined. Both the fragment shield door and
the containment vessel doors would operate simultaneously in
opening and closing and would be placed on the interior of the
respeGtive walls. Natural frequencies were calculated for each
door based on various door thicknesses and door widths. Calcula
tions then were made of the pressures and response times of the
blast wave and gas pressure pulse. The structural response and
structural resistance to blast of a 3.75 pounds of TNT equivalent
explosive were analyzed. The reaction forces on the door were
alsocalculated·by using methods in Reference 2. Dynamic stress
loading on the door was calculated looking at the height and
width effect of the·door. These results are calculated as shown
in Figure 11. According to this data, the maximum width permis
sible when stress reaches a minimum condition was approximately
9 inches.
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By using energy methods, the calculated structural
resistances and ductility ratios were calculated. From these
calculations, the door width of 9 inches was most desirable
because stresses were minimized at this width. As width in
creased from this level, the stresses reached failure levels.

By utilizing two-inch wide flanges around the open
ing in the fragment shield and the containment vessel exterior
wall, the loads imparted to the wall by the door will be within
safe limits. For a nine-inch wide door by 36 inches high, the
reaction load imparts a stress on the long side of 19,471 psi
and on the short side of 3,519 psi, both well within structural
limits. Final configuration of the round feed door is shown in
Figure 12. The two-inch wide flange welded to the exterior wall
of the containment vessel is noted.

C. Door Cutout Stress Concentrations

Stress concentration analysis was performed on the
two (2) round feed doors and the maintenance access door. The
objective of the stress analysis is that of determining the mini
mum radius at the corners of the door cutouts to assure that the
integrity of the structure will be maintained. Stress concentra
tion factors for elastic stress and equations were used from
Reference 5, "Formulas for Stress and Strain" by Roark and Young.
These calculations yielded a minimum radius at the corners, of one
inch for both the round feed doors and the access doors. In addi
tion, a flange approximately two inches wide should be placed
around the door cutout at the round feed station. The radius
of curvature is shown in both Figures 9 and 11, as incorporated
in the final design.

D. Shape Charge Effects

To mitigate the shape charge effect in case of an
accidental initiation of the Viper round, five one-inch thick
armored plates at various angles and spacings were utilized below
the charge. Thus, if a shape charge should initiate, the effect
would be mitigated before the steel bottom plate would be hit.

CONTAINMENT VESSEL QUALIFICATION TEST RESULTS

Based on SCE TNT equivalency tests of full-up Viper
rounds, the maximum explosive weight of TNT in the containment
vessel is considerably less than previously designed. Actually,
for a 125 percent overtest in the containment vessel, a total
weight"of Pentolite explosive charge of 2.8 pounds is required.
This would simulate 125 percent blast output of two Viper rounds
going off at the same time. The containment vessel detail design
by RISI Industries was fabricated by FEECO Corporation of Green
Bay, Wisconsin and shipped to Safety Consulting Engineers', Inc.
test site in Freeport, Illinois. The containment vessel as shown
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in Figure 12, was erected for testing. Appropriate high-speed
movie cameras and blast pressure gauges were utilized to moni
tor the qualiflciation tests. The first qualification test was
conducted by detonating one Viper round inside of the contain
ment vessel. The second test was run by detonating 2.8 pounds
of Pentolite charge in the containment vessel center to simu
late 125 percent blast output of two Viper rounds. In both
qualification tests, no fragments or blast overpressures were
sensed in the vicinity up to thirty feet from the containment
vessel. A small puff of escaping gas was noted at the initial
detonation but stopped instantaneously according to high-speed
camera coverage. Thus, the containment vessel met the re
quirements of the production facility and safety requirements
by being able to withstand the fragmentation~ blast, fireball
output, and shape charge output of two Viper rounds. Actually,
the shield easily withstood 125 percent blast overpressure in
accordance with the military requirements.

422

_______ ,~~••• , • ~_ •• _ ",_. __ • _. __ ~. • __ • __ . ·~ r __,~·---~- -~- _.- -- - - --- -_. -"'- ~-----,. -"- -'--



'.~.- _ .... "- •• 0- •• ~ •• _,.•••• , ~ ~ _ .... __ , ."~_~ •__ 1 _ _ w. __ .... ......... _._ '.N ~ _~ __,_ .__ • __• ~ __ .~__ .__,"-, __ :",_._

REFERENCES

1. "TNT Equivalency of LX-l4 High Explosives" ~RRADCOM

Contractor Report No. AR-TSD-CR.

2. "Suppressive Shields" u.S. Army Corporation of
Engineers Publication HNDM-llIO-l-2, 18 November 1977.

3. Hazards of Chemical Rockets & Propellants Handbook 
Vol. 1, General Safety Engineering Design Criteria,
May 1972, AD 889763.

J:.

4. Rakaczky, J.A., "The Suppression of Thermal Hazards
From Explosions of Munitions - A Literature Survey"
BRL Interim Memorandum Report No. 377, Aberdeen Proving
Ground, Maryland, May 1975.

5. Roark, R.J. & Young, W.G., Formulas For Stress & Strain,
Fifth Edition, McGraw-Hill.

423



TABLE 1

CONTAINMENT VESSEL DESIGN CRITERIA

PARAMETER

1. Minimum Floor Space

2. Separate Fragment Shield
Configuration

3. Fragment Shield Height

4. Fragment Shield Thickness

5. Vent Configuration &
Diameter

6. Vent Height

7. Outer Blast Containment
Vessel Configuration

8. Outer Blast Containment
Vessel Configuration
Thickness

9. Method to Hold Rounds

10. Round Entry

II. Electrical & Mechanical
Entry

12. Heat Effect

13. Bottom

424

SUGGESTED LIMITS

6 ft. Diameter

Vertical cylinder

To stop fragment
spray at ends

To stop fragment
penetration and
withstand blast effect

Cylinder & diameter
based on minimizing
gas pulse load onto
structure

To reduce blast over
pressure below 2 - 3
psi at top of vent

Vertical cylinder

Based on blast & gas
pressure loads onto
structure

Dolly with propagation
shield on it to move
in & out of vessel

2 doors that open
simultaneously

Fitting & maintenance
door

Angled plates

Sealed
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Charges LX-14 Billets (Reference 1) and SCE Results
of Viper Rounds
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Figure 13. Electric Feedthrough of Vessel
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Figure 14. Photo of Viper Containment Vessel
Design
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______~_, Behaviour of Gun Propellant to

,,;'" Ignitions of Different Intensities

Roland Wild

Bundesinstitut fur chemisch-tech~ischeUntersuchungen (BICT),

GroBes Cent, 5357 Swisttal-Heimerzheim, FRG

o 1. Introduction

~\(
.~

In the case of large calibre ammunition,for example 105 mm and 120 mm,a

uniform and accurate ignition of the propelling charge is of great im-

portance.

A poor ignition may not only lead to a spread of the ballistic data (e.g.

initial velocity of the projectile); the gas pressure inside the barrel

n·dY become so high, that the strenght of the barrel-material may be ex-

cepded and hence the gun can be totally destroyed, even fatal casualities

may happen.

It is known by experience, that different gun propellants react in

different manner to poor ignition. Therefore it is desirable to have a

small scale test at one"s disposal (which can be performed in the labo-

ratory) by means of which it can be checked which gun propellant responds

in a dangerous manner to a poor ignition.

Such a test should be not too expensive and nevertheless should yield

reliable data.

In the following a test method is described which meets the above mentioned

requirements.

Preceding page blank
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2. Description of the test method

A sketch of the experimental set up is shown in figure 1. The propellant,

with a mass of about 500 g is filled, with its bulk density, into a

seamless steel tube, which is open at one side. The tube has a length of

350 mm, a wall thickness of approx. 5 mm and an inner diameter of 50,8 mm

(2 inches). An igniter (fig. 2), also made of steel is fixed at the closed end of

the tube. The tube then, with its open end is put onto a steel block. A

quartz gage for measuring the pressure (up to 0.7GPa) is built into this

steel block. When performing the test, a steel block with a mass of 18 kg

is put onto the whole assembly.

For igniting the propellant we use quite normal black powder. The amount

of black powder, which is filled into the igniter can be varied.

Up to 22 g black powder can be packed into-the igniter.

The test output is the pressure in the steel tube (measured by the quartz)

produced by the different igniter strengths.

The tubes rupture at pressures of approximately 0.08 GPa, therefore the

burning of the propellant can be monitored, under normal circumstances, up

to a pressure of 0.08 GPa.

3. Results

In figure 3 typical pressure time histories, which were recorded when per

forming the tests, are shown.

It can be seen, that in the case of a weak ignition (5 g black powder) a

regular burning of the propellant occurs, when using stronger ignition

conditions, the burning characte~ics significantly change, in other words
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the pressure rise time drastically decreases, and in some cases even pressu

res up to 0.7 GPa are produced. Though the steel tubes normally rupture at

pressures of 0.08 GPa. the pressure rise time in this case. is so fast. that

due to the inertia of the confinement, such high pressures can be attained.

4. Applicability of the method and discussion

In order to check the applicability of the test method we performed the

test with several seven perforated gun propellants (see table 1).

Propellant 1. 2 and 3 were triple base propellants which chemical compo

sitions were nearly the same, only the web sizes were sligthly different.

The main difference between these propellants was the way how they were

produced. Propellant 4 was a double base propellant and propellant 5 a

single base propellant. All the propellants exhibited nearly the same

interior ballistic data, which were determined in a closed vessel (see

also table 1).

For ignition we used black powder charges of 5 g. 10 g. 15 g and 20 g.

The relevant data for judging the response of the propellants to different

ignition strengths are tabulated in table 2. As relevant data we took the

maximum pressure. the pressure rise time and the maximum rate of the

pressure rise (%t).

When comparing the data it can be seen, that propellant 1 reacts most

sensitively to the variation of the ignition strength. i.e. the rate of

the pressure rise becomes greater when using a moderate ignition strength,

whereas when looking at propellant 3 one can cons tate that very high pressure

rise rates only occur, when using a very high ignition strength.

443



We think, that the very fast pressure rises, and hence the very high

pressures, in the case of intense ignition, can be explai~ed by as-

suming a fracture of the propellant grains.For theoretical calculations,

using a gas dynamic model, yield similar pressure rises, when assuming

that a part of the propelling charge (10 %-15 %) is fractured near the

projectile base.

The fracturing of propellant grains, can be explained by a pressure

gradient, produced by the ignition, which accelerates the charge down

words. At the steel block the ~otion is stopped and the grafns can be

fractured. The more intense the ignition, the greater will be the pl"eSSUre

gradient and the acceleration of grains and therefore the possibility of

fracturing will rise.

The results, now, do not mean, in any way, that for example propellant 1

should not be used for constructing ammunition, but nevertheless the

results show that, when using propellant 1 the ignition condition should

be thoroughly investigated, in order to avoid a dangerous behaviour Df the

ammun it ion.

Furthermore it should be remarked, that at the present state of our in-

vestigations there exist no absolute, unambiguous criteria for judging the

behaviour of the propellants, nevertheless the method can be used to compare

different propellants, concering the behaviour to changes in the ignition

conditions.

5. Summary

A small ~cale laboratory test is described ~y means of which it becomes

possible to judge the behaviour of gun propellant to different ignition

strength in the ammunition. The applicability of the test method could be

shown.
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Table 1 A_
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Interior ballistic data determined in a closed vessel. Lading Densitiy 0.1 g/cm3

(Pmax in all cases approx. 0.1 MPa)

P7 1 2 3 4 5

triple base triple base triple base double base single base

LO
[( Pas)-l 0.11 10- 5 0.14 10-5 0.11 10-5 0.11 10-5 0.19 10-5

r p tal~sJ 0.52 104 0.62 104 0.55 104 0.58 104 0.61 104

("*) CPaIPS] 0.08 105 0.11 lOS 0.09 105 0.1 105 0.11 105
ut p=0.08 GPa

LO = dynamic vivacity =

= (~)
dt 0.5 Pmax

1
0.5 P~ax

r p pressure rise rate between 0.1 Pmax and 0.9 Pmax
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ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT

,,'
The Response of RDX/TNT Filled Shell to Therma~'Stimuli

,.

A. S Dyer, C D Hutchinson, P J Hubbard and / Connor) J(.

Paper for presentation at the
DOD 20th Explosives Safety Seminar,Norfolk, Virginia. August 1982

-'1
- Trials have been conducted in which 155mm shell filled with RDX/TNT

(60/40) have been subjected to internal ignition and to external flame.
The effects on adjacent shell of internal ignition have also been assessed.
Generally results are consistent with assessments of explosiveness based
on RARDE Burning Tube Tests but in one trial base ignition appeared to
induce detonation in adjacent shell. The significance of these. results
is discussed.
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INTRODUcrION

The hazard which an explosive or an explosive filled store presents is
determined by two factors:

a) the ease with which the store may be accidentally initiated
which we designate as the sensitiveness

and

b) the consequences of that initiation, the explosiveness.

Each of these factors is, or may be, a function of the physical form of
the explosive (eg whether it be in powder or charge form) of the type and
level of the stimulus and of the environment - particularly the confine
ment. A complete hazard assessment of an explosive store should involve
testing the store over a range of stimuli and levels of .stimuli in
environments which may be encountered in practice. The explosive should
be tested as used, that is in charge form, but also in the form in which
it is processed and in the form it might degenerate to after, for example,
prolonged storage or vibration, that is in powder form.

A full evaluation of this type is expensive, time-consuming and rarely,
if ever, attempted. Instead small scale tests are used to predict what
might happen in practice. One such test has been employed by RARDE for
the past several years to estimate the explosiveness of secondary
explosives in charge form and under confinement. Known as the Burning
Tube Test, the procedure involves ignition of the explosive charge
contained in a mild steel tube sealed by end caps.

The Small Burning Tube Test normally carried out employs a charge of
350g of explosive in a tube with wall thickness of 6mm. Explosiveness

is assessed by the degree of damage to the tube and by the extent to
which the explosive is consumed.

The ranking order of explosiveness is unchanged when determined in the
Large Burning Tube which employs a similar ignition system in an
approximately 9kg charge in 12.7mm thick wall tubes. This size of charge
and wall thickness is quite similar to the FH70 155mm shell.

Attempts have been made to increase the discrimination of the burning
tube test by varying the confinement on RDX/TNT 60/40 and on TNT by using
tubes with tapered or stepped walls but these have not been successful.
On the other hand, increased confinement in weapons subject to rifle
bullet attack has b~en shown to lead to enhanced explosiveness. Burning
Tube Tests with heavier confinement are planned but in the interim the
chance has arisen to carry out trials on 155mm FH70 shell filled with
either RDX/TNT 60/40 or CW3. CW3 is a RDX/HMX/TNT 56/4/40 composition
with other minor additives to improve its mechanical properties. These
trials had their original impetus in reports from the USA on trials to
assess the minimum non-propagation distance between detonating 155mm
MI07 shell filled Camp B. During these trials it was found that wooden
pallets on which shell were standing caught fire when struck by hot
fragments from shell detonating at 16 and 25m. The burning pallets were

I
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said to have caused detonation in shell standing on them after intervals
of 17 and 30 minutes. Both the US and subsequent UK tests were on unfuzed
shell.

While external fire trials do form a major part of the study, it was
decided to extend the trials to investigate the effects of varying
confinement at internal ignition sites on explosiveness and also to
investigate possible" differences between RDX/TNT and CW3 filled shell.
These studies are not yet complete but some interesting observations have
been made and at least provisional conclusions can be drawn from them.
The aim in this report is to describe the work which has been done and
to discuss its interpretation.

2 INTERNAL IGNITION STIMULUS TRIALS AT AMBIENT TEMPERATURES

Previous work has shown that the most violent deflagrative events that
could be produced in shell at ambient temperatures resulted from ignitions
at the base of the shell. The fuzehead/propellant ignition system used
in burning tube tests was adapted to produce an ignition at the base of
155mm shell. Empty shell were bored at the base and fitted with a threaded
plug. Removal of this plug after filling the shell with either RDX/TNT
(60/40) Type A or CW3 left a cavity 25mm in diameter by 20mm deep. The
fuzehead and a 1.5g ballistite charge were placed in this cavity and
retained by a plug of equal thickness to the shell base (35mm). Modified
shell filled with CW3 incorporated vinyl alkyd paint bonding of explosive
to the shell wall.

The following trials were conducted:

a) Base ignition of RDX/TNT filled shell with 1 or 2 adjacent
CW3 filled shell as acceptors to assess the possibility of propa
gation.

b) Base ignition of a CW3 filled shell with 2 adjacent OW3
filled shell as acceptors as in Test 1.

c) Base ignition of a single OW) filled shell.

d) Top ignition of OW) filled shell.

e) Base detonation of OW) filled shell.

2.1 Results

Results of internal ignition trials are detailed in Table 1. Important
features are summarised here.

Base ignited RDX/TNT filled shell behaved in a similar manner to that
expected from Large Burning Tube Tests. The filling deflagrated violently,
shattering the shell body into many pieces, but recovered fragments showed
no signs of detonation and many small pieces of unconsumed explosive were
found scattered around the test site. OW3 filled shell at 85 and 105mm
from the donor were broken open but the major proportion of the shell
bodies and the explosive were intact.

451



A test involving base ignited CW3 filled shell as donor gave rather
different results. On ignition of the donor shell a very violent reaction
ensued involving the donor and acceptor shells at both 95 and 135mm
separation. Large fragments from the base of the donor were driven into
the ground but there was no sign of other large fragments or of unconsumed
explosive. Deep holes had been blown in the site by the violence of the
reaction. Peripheral damage to stands and blast gauge equipment showed
they had been struck by extremely fast moving fragments. The blast gauges
indicated that overpressures had been generated somewhat greater than
would have been expected from the detonation ,of a single shell.

Base ignitions of a single CW3 filled shell without acceptors also gave a
very violent event but foil gauges were only dented, not punctured, and
indicated an overpressure of less than 35kPa at 5m. In one test a 170mm
long fragment from the nose section of the shell was recovered.

Using a transit plug modified to take the fuzehead/propellant system so
as to give nose ignition, a single CW3 filled shell was tested. The
shell was inverted with 100mm of the nose buried in the ground to increase
the confinement. A mild reaction occurred which split open the tapered
section leaving the lower section intact and filled. The, majority of the
CW3 from the top section was also recovered.

This test was repeated with a nose ignited OW) filled shell upright
between 2 OW3 filled acceptor shell both at 95mro separation. There was a
little more damage to the donor but a large part of the filling was
recovered unconsumed and the 2 acceptor shell were recovered intact.

A modified shell fitted with a base plug and filled CW3 was detonated
from the base using a tetryl booster and an L2Al detonator. Foil blast
gauges recorded detonation overpressures with a spread of up to 50% around
the predicted value at a range of radial distances. Base fragments
recovered from the region of the plug were smaller than those obtained
from base ignited shell but not so small as those from a nose detonated
shell.

3 RESPONSE OF 155mm SHELL TO EXTERNAL FLAMES

This part of the trials derived from the US report of detonations of Camp
B filled shell in pallet fires, but the opportunity was also taken to
examine the effect of torching from an ignited shell on adjacent shell.
All of these trials involved OW3 filled shell.

3.1 Results from Pallet Fires

In an attempt to repeat the US observation a test was arranged with a
155mm CW) filled shell standing upright in an angle-iron stand on a wooden
pallet. The standard pallet 4ft x 4ft was ignited remotely by a fuzehead
with a 200g thermite mixture (SR877). An explosive event occurred after
I7l minutes. Large pieces of ao13 were found up to 150m from the test
site, some of which showed evidence of having melted. Large fragments of
the shell were recovered. There was no suggestion of detonation from
this single shell.
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The test was repeated with similar arrangements except that the shell was
laid horizontally on the pallet. In this test an explosive event occurred
after 4mins 17secs. Large pieces of CW3 were recovered again showing
signs of having melted. Large sections of the shell body were also
recovered.

3.2 Results from Torching Shell

Results are summarised in Table 2. Donor shell filled CW3 were ignited
with a thermite igniter in the nose and the flames played on the centre.
the driving band. the base and along the length of acceptor shell. Events
occurred at times varying from about 40 seconds to several minutes after
ignition with acceptor shell being split open and a large portion of
their filling being recovered unconsumed.

4 DISCUSSION

4.1 . "Internal !£.nit~~.I_rials at Ambient })mperature

The response of the base ignited RDX/TNT 60/40 Type A filled shell was
much as anticipated from Large and Small Scale Burning Tube Tests. The
filling was not completely consumed but showed fairly high explosiveness.
Adjacent CW3 filled shell at 85 and 105mm were split open by fragment
strikes and the filling was scorched without the event growing after the
case was split.

The CW3 filled shell gave more violent events in single shell tests in
that less explosive was recovered. However one large shell fragment and
some unconsumed HE were recovered while no foil blast gauges were punc
tured. This indicated that the events were not detonations. A compari
son of the high speed framing camera records from base detonated and base
ignited shell shows a slower expansion of the fireball for the base
ignited shell. It was surprising however. that such base ignited CW)
filled shell as donors could cause events in adjacent shell which gave
every indication of being detonations. Whereas large fragments were
recovered from the base of the donor shell no fragments were recovered
from the acceptor shell. The foil blast gauge records indicate detonation
of more than one shell when acceptors were present but gave no response
to a single donor.

Although it is easy to mistake violent deflagrations for detonations .• it
is our impression that in these trials detonation in OW) filled acceptor
shell was induced by knock-on effect following deflagration in OW3 filled,
base ignited donor shell.

A large difference was evident between the response and effect of OW)
filled donors as compared with RDX/TNT filled donors and there are several
possible causes for this difference:

a) The 4% HMX or the increased mechanical strength due to
the minor additives in OW3 may have increased its explosiveness
relative to RDX/TNT even though RDX/TNT and OW3 behaved similarly
in Large and Small Burning Tube Tests.
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b) The filling in CW3 filled shell is known to sediment such
that the nitramine content at the base could be up to 7% greater,
ie 67% nitramine.

It is known that 70/30 cyclotol and 75/25 RDX/TNT compositions
show greater explosiveness than 60/40 RDX/TNT or EDCl in charge
hazard tests (Spigot and Oblique Impact). CW3 was similar to
ROX/TNT in the oblique impact test.

c) The CW3 filled shell were treated with a vinyl alkyd/TNT
bonding paint while the RDX/TNT filled shell were not. This
bonding agent may have increased the confinement marginally at
the ignition site in the base of the shell.

d) The explosiveness of the CW3 may have been enhanced in
the shell as compared with that in a Burning Tube because of the
strong walls at the base of the shell. The tensile strength of
STA 64 shell body material is twice that of the mild steel used
in RARDE Large Scale Burning Tubes.

The tests on CW3 filled shell with nose ignition showed lower explosiveness
which is probably due to the thinner walls reducing the confinement but may
also be helped by there being no vinyl alkyd bonding or sedimentation at
the top of the shell.

FUrther tests have been carried out in burning tubes with 25mm thick walls
filled with RDX/TNT or CW3 both with and without vinyl alkyd bonding.
Sedimentation in the CW3 filled tubes was enhanced by slow cooling. No
significant differences in behaviour were observed. It appears that even
these thick wall mild steel tubes provide less confinement than the shell.

FUrther evidence of the importance of confinement in determining the
results of ignitioo of CW3 filled shell comes from an event which occurred
recently when a shell was being sectioned longitudinally from the base.
The filling ignited when it came into contact with the saw but the venting
path provided by the saw-cut prevented the occurrence of anything more
than a relatively mild deflagration.

4.2 External Flame Trials

The single shell pallet fire gave an event in a time similar to the US
trials. FUrther examination of the US report suggests there were 3 shell
on the burning pallet so in view of the knock-on effect postulated above
it is conceivable that a detonation may have indeed occurred especially
if adjacent shell were sensitised by heating.

The torching experiments gave deflagrative events with the violence
increasing as the thickness of the heated region of the shell body and
the time to the event increased. When replicate tests were carried out
the times to the events were closely similar.
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5 CONCLUSIONS

The effect of confinement on the consequences of deflagration initiated
in llkg charges of CW3 and ROX/TNT (60/40) Type A in a large test vehicle
(UK 155mm shell) has been studied. Ignition in the very heavily confined
base region of the shell gives rise to more violent events in CW3 fillings
than in RDX/TNT fillings. It is believed that this is due to the increased
confinement provided by the vinyl alkyd bonding of the CW3 filling to the
inside of the shell case. a feature absent from the ROX/TNT filled shell.
This bonding prevents venting of product gases along the path between the
filling and the shell walls in the very early stages of reaction. CW3
and ROX/TNT filled shell behave identically when- nose initiated; the area
of ignition in these cases is in the fuze well and. by the time a process
has burned to the outer surface of the charge. effects due to bonded or
unbonded fillings are secondary to those from the failure of the relatively
thin metal confinement. The vinyl alkyd bonding of CW3 to the 155mm shell
is provided to ensure that no base air gaps are present which could lead
to ignition by adiabatic compression during gun launch and to prevent
rotation of the shell filltng during flight. Given the very low proba
bility of confined base ignition except as a consequence of set-back
forces during gun launch. no safety advantage would accrue from removal
of the bonding or from changing the filling to ROX/TNT (60/40).

This manifestation of high explosiveness in CW3 filled shell is not
predicted by our Burning Tube Tests. We are forced to conclude from this
that the confinement in the Burning Tube is substantially less than that
at the base of the 155mm shell. This conclusion is important in reminding
us of the variation in explosiveness with environment. of the need to
carry out hazard assessments over a range of environments and of the
dangers of extrapolating explosiveness data outside the range of confine
ment in which it was determined.

We intend to continue these studies using Burning Tubes of heavier
confinement and also to carry out further trials with both internal and
external ignition on CW3 filled shell to confirm that the events witnessed
were indeed detonations and to determine the fragment velocities and
overpressures which can lead to detonations in acceptor shell.
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TABLE 1 Internal Ignition Trials

Donor
BASE IGNITION

Acceptor Observations

RDX/TNT

RDX/TNT

CW3

OJ3

CW3

1 x CW3 at 85mm

1 x CW3 at 105mm
1 x CW3 at 350mm

2 X CW3 at 95mm

2 x CW3 at 135I'lII1

None

Donor deflagrated violently.
Acceptor broken open, filling
mostly intact.

Donor and acceptor at l05mm - as
above.
Acceptor at 350mm displaced but
intact.

Very violent reaction involving
donor and accceptors. No large
fragments or unconsumed explo
sives. Overpressure greater
than from a single detonated
shell.

As previous trial.

Violent reaction. Overpressure
less than 5psi at 15 feet.

CW3
Shell inverted
and 100mm of
nose buried

None

TOP IGNITION

Mild reaction splitting open
tapered section of shell. Most of
CW3 recovered.

CW3
Shell upright

2 x CW3 at 95mm
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Donor slightly more damaged than
in previous trial but large part
of CW3 unconsumed. Acceptor shell
intact.



TABLE 2 Torching Trials, CW3 Filled Shell

Layout

Donor 100mm from and at
right angles to acceptor.
Flames centred on a point
280mm from nose of accep
tor.

As previous trial.

Donor 100mm from and at
right angles to acceptor.
Flames playing on driving
band.

Donor between two acceptor
shell. Nose of donor set
back 350mm behind noses of
acceptors. Shell parallel
and in contact. One
acceptor fitted with tran
sit plug. Other unplugged.

Donor in line 100mm behind
acceptor.

As previous trial.
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Time to
Event

48s

38s

330s

495s

630s

595s

Observation

Donor and acceptor split
open. Large fragments of CW3
recovered.

As previous trial except event
extinguished donor.

More violent than previous
trials. Donor shell continued
to burn for 70 minutes.
Acceptor split into large
fragments, unconsumed CW3
recovered.

CW3 in unplugged shell melted
before event. Event in
plugged shell opened up nose
end. Donor and unplugged
shell continued to burn.
Unconsumed CW3 recovered from
plugged shell.

Acceptor split lengthways,
filling ejected forwards.
Base of acceptor blown 100m
backwards. Some unconsumed
CW3 recovered. Donor knocked
backwards but continued to
burn.

As previous trial.
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SPARRO~ (AIM/RIM-7M) ~ITH EX-114 MOD 1 ~ARHEAD

QUANTITY-DISTANCE STUDY FOR ~~LING OPERATIONS

SUMMARY

A quantity-distance study was performed for the SPARRO~ guided missile
AIM/RIM-1M with the EX-114 MOD 1 warhead in pierside and shipboard transport/
handling configurations.

The results of this study indicate that warhead-to-warhead propagation of
detonation is expected in all the transport/handling configurations considered.
As long as the SPARRO~ missiles are within 4.3 m (14 ft) of each other as
determined from geometric co'nsiderations the warheads must be assumed to mass
detonate.

The rocket motor propellant should not detonate, but could violently react
if impacted by a high speed preformed fragment from an adjacent donor warhead.
Under some accident scenarios, a violently reacting rocket motor may cause the
forward warhead explosive to sympathetically detonate from rocket motor debris
impact.

The maximum credible events and associated airblast hazard ranges for the
transport/handling configurations considered are listed below.

Maximum Credible Events and Airblast Hazard Ranges

Airblast Hazard
Configuration Contribution Range, m (ft)

Missile ~arhead 55 (180)

11K 470 MOD 0 Warhead 55 (180)
Shipping Container

11K 470 MOD 0 3 ~arheads 79 (260)
Stack of Three

CNU-166/E 3 ~arheads 79 (260)
Shipping Container

CNU-166/E 9 ~arheads 114 (375)
Stack of Three

11K 29 MOD 0 8 ~arheads 105 (345)
Launcher

Only detonations contribute to the airblast hazard range determinations.
The fragment hazard ranges are governed solely by the preformed steel fragments
from the warheads that detonate. The ranges for aluminum and polyvinyl chloride
(PVC) fragments from shipping container and launcher surrounds are substantially
less than those for the denser steel fragments, so that the aluminum and PVC
fragments do not affect the fragment hazard range determinations.

The preformed fragments do not present an unacceptable hazard beyond 152 III

(500 ft) for an eleven warhead mass detonation. However, {or twelve or more
warheads the hazard range extends well beyond the 152 III range out to the Vicinity
of the maximum fragment range because a large percentage (20%) of the fragments
impact in this region.

The acceptable hazard handling arc that can be applied to all transport/
handling configurations considered is 114 m (375 ft) as determined by the
airblast hazard for nine warheads.

A total of twelve or more missiles within 4,3 m (14 ft) of each other are
required to exceed the maximum acceptable hazard range of 152 m (500 ft).

Appendix A presents results of trajectory calculations performed for a
generic preformed fragment warhead. These results illustrate the qualitative
trends obtained for the classified SPARRO~ results.

460

._~~ -. --,~,--- - '. ---- ..-.---_.------.--,-----~------.-- .... -....._._--"~-----'



· . .
~"",".".Jo ,_,::.,~ ... _~' ... ..:_ ..... '.'__ ...:_...:... •.-:. :._~ __ ~,__.~-_... .....~.:...'-" .....~_,_._ ....:._...:._" _ '_.t. • •• _ ......__ • .........__=-_ .~ .. .......__...... -< ~ ' •• ~~." ,,"_

arc.
range
fied.

INTRODUCTION

This task was part of the EX-114 warhead development program for the
AIM/RIM-7M SPARROW to gain the Navy's Weapon Systems Explosives Safety Review
Board (WSESRB) approval for service use of this version of the guided missile
aboard Naval vessels.

The work request was in response to requirements that all programs for
the development and introduction of new weaponry into the Fleet include analyses
developed by the Naval Explosives Safety Improvement Program (NESIP) and/or
verifying tests (as recommended by NESIP) to insure the timely availability of
hazard information for review by the WSESRB. In particular, the Naval Surface
Weapons Center was tasked (funded) by the SPARROW program to assess the sym
pathetic detonation characteristics and explosion hazard effects of the SPARROW

'weapon: ~

Methods developed for the NESIP Technology Basel were used to obtain the
analytical results presented in this report.

The hazard definition of interest here is the acceptable hazard handling
The acceptable arc for an explosion event is determined by the minimum
at which both blast overpressure and fragment hazard criteria are satis

These criteria are:

(1) The blast overpressure must be less than 6.9 kPa (1 psi).

(2) The hazardous fragment flux evaluated
2
for the ~round surface area

must be less than 1 hazardous fragment per 56 m (600 ft). A fragment is
considered hazardous when it has an impact energy of 80 Joules (58 ft-Ib) or
greater. Note that the fragment hazard criterion specifies an acceptable areal
density for hazardous fragments, not a maximum range for hazardous fragments.
There can be hazardous fragments beyond the acceptable hazard handling arc;
however, their areal density should be less than the level specified above.

OBJECTIVES

1. Determine the likelihood of sympathetic detonation and hence the
maximum credible event (MCE) for the SPARROW weapon system for the pier and
ship configurations.

2. Determine the acceptable hazard range (blast and fragment effects)
for the MeE's.

3. If necessary, recommend possible handling procedure changes and/or
inhibitor/shield designs (feasible solutions) for reducing the MCE's so that
the acceptable hazard handling arc falls below the desired value of 152 m
(500 ft).

IPorzel, Francis B., "Technology Base of the Navy Explosives Safety Improvement
Program," Minutes of the Nineteenth Explosives Safety Seminar, Department of
Defense Explosives Safety Board, Los Angeles, CA, Sep 1980.
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APPROACH

Figure I provides a general procedural flow chart for the weapon system
investigation. The major program elements are described below.

'I" Review and evaluate the weapon input data.

II. Determine the blast/fragment contributions of the propellant sections
to the explosive effects generated by the donor warhead detonation.

III. Determine the acceptable hazard range (blast/fragment effects) for a
donor warhead detonation (which mayor may not include a contribution from the
propellant) for the numbers of configurations (assuming mass detonation of
ordnance.) This represents the worst possible accident scenario.

IV. Review the handling procedures for the weapon for all required trans
port/handling configurations.

v. Determine the relative positioning of the weapon units for all
required transport/handling configurations. Evaluate the potential for sympa
thetic detonation and determine the MCE's for these configurations.

VI. Determine the acceptable hazard range (blast/fragment effects) for
the MCE's for the various transport/handling configurations.

VII. Contingent - Conduct sympathetic detonation tests according to the
answer (and associated confidence) obtained from elements V and VI above. Tests
may be needed to verify/clarify the analytical results obtained. Whether or not
the propellant sections would be needed for these tests would be determined by
the evaluation represented by element II above.

VIII. Contingent - Investigate and recommend handling procedure changes
and/or inhibitorlshield designs (feasible solutions not final engineered designs)
to reduce the MCE and associated blast/fragment effects. This investigation is
necessary only if the acceptable hazard range is greater than 152 m (500 ft).

IX. Contingent - Conduct inhibitorlshield tests. These tests may be
required to verify the design concept from element VIII.

X. Perform a final analysis and provide,a letter report documenting
results, conclusions, and recommendations.

For the SPARROW quantity-distance study (referring to Figure 1):

(a) The propellant was evaluated to not sympathetically detonate.
Therefore, propellant effects were not required for element III.

(b) There was sufficient confidence in the analytical evaluations
of sympathetic detonation for the normal handling configurations that testing
was not conducted (element VII) at this time.

(c) The hazard ranges do not exceed 152 m (500 ft) for the missile
configurations analyzed. Therefore, contingent shield/inhibitor designs
and tests were not required (elements VII and IX).
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I I. REVIEW/EVALUATE INPUT DATA I

I II. EVALUATE PROPELLANT EFFECTS I
+ ~

I' INCLUDE PROPELLANT EFFECTS I ·INEED NOT INCLUDE PROPELLANT EFFECTSI...

~ ~
I III. EVALUATE BLAST/FRAGMENT HAZARD I

I IV. REVIEW HANDLING PROCEDURES I

·1 V. EVALUATE SYMPATHETIC DETONATION AND MCE'S I -

IVI. DETERMINE BLAST/FRAGMENT HAZARD FOR MCE'S I

I VII. CONTII\!GENT SYM DET TESTS

IVIII. CONTINGENT INHIR/SHIELD DESIGN I

I IX. CONTINGENT INHIB/SHIELD TESTS I

~

I X. FINAL ANALYSIS AND LETTER REPORT I

FIGURE 1. FLOW CHART FOR A GENERAL WEAPON SYSTEM QUANTITY-DISTANCE STUDY
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MISSILE SYSTEM DESCRIPTION

The specific SPARROW weapon evaluated in this study is the AIM/RIM-7M
(air-to-air/surface-to-air) with the EX-114 MOD 1 focused fragmentation
controlled pattern (FFCP) warhead.* The missile is shown schematically in
Figure 2.

The AIM-1M SPARROW will be transported in a CNU-166/E missile container
(see Figure 3) that stores three missiles.

The RIM-7M SEASPARROW will be transported in a MK 470 MOD a missile
container that houses one missile (see Figure 4). The RIM-7M SEASPARROW will
be all-up loaded in the MK 29 Mod a box launcher for the Improved Point Defense
System aboard ship. The launcher, shown in Figure 5, contains eight missiles.
Three of these box launchers are to be mounted on aircraft carriers (CV and CVN)
providing a total topside load of 24 all-up missiles. Between 24 and 48 missiles
will be stored below deck in magazines. Other launch platforms under con
sideration include destroyers (DD) and support ships (AOE and AOR:)

Configurations of candidate Vertical Launch Systems (VLS) for the RIM-7M
SEASPARROW are not addressed here. An analysis of all of the various candidate
launcher designs is beyond the scope of this study.

Aircraft armament arrangements for the SPARROW were not addressed because
these configurations would not be encountered in a tidewater port environment
(the handling area of concern for this study.)

Specific unclassified missile data required for the quantity-distance study
are listed in Table 1. The sound speed values for the explosive/propellants
given in Table I represent estimates based on similar explosives/propellants at
the same density.

*The term "preformed" is used in this paper to refer to the EX-114 MOD 1
warhead. case fragments. The term is used in a general sense to describe
fragments formeu from scored warhead cases (producing explosively-formed
fragments) and to describe the truly preformed fragments that are first
(pre) formed and then embedded in the warhead case material.
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522.0 mm
(20.55 in.)

STACKING
HEIGHT

FIGURE 4. MK 470 MOD 0 CONTAINER, SHIPPING AND STORAGE
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TABLE 1 AIM/RIM-7M SPARROW WITH THE EX-114 MOD 1 WARHEAD DATA

Warhead Section

Explosive Sound Speed
(estimate), m/s (it/s)

Total Warhead Mass, kg (lb)

Length, IIUll (in)

Diameter, rom (in)

Flight Control and Stabilization Section

Mass, kg (lb)

Length, mm (in)

Propulsion Section

Booster/Sustainer Propellants
Sound Speed (estimate), m/s (ft/s)

Total Propulsion Section Mass,
kg (Ib)

CNU-166/E Shipping Container

Cover Material

Density, kg/m3 (lb/in3)

. Thickness, mm (in)

Steel Rail Thickness, mrn (in)

Alum. Clamp Double Thickness,
mm (in)

MK 470 MOD 0 Shipping Container

Aluminum Thickness, mm (in)

MK 29 MOD 0 Launcher

Material

inner wall thickness, mrn (in)

outer wall thickness, mm (in)

inside corrugation thickness,
rnm (in)

Averaged areal density, gm/mm2

Ob/in2)

469

3000 (9800)

38.6 (85.2)

400.3 (15.76)

204 (8.03)

32.4 (71.4)

575.3 (22.65)

3000 (9800)

95.7 (211)

Acrylic-Polyvinyl
Chloride

1260 (0.0455)

6.35 (0.250)

4.75 (0.187)

6.35 (0.250)

2.5 (0.10)

Aluminum laminate

1.0 (0.040)

1.0 (0.040)

0.81 (0.032)

-38.16x10 (0.0116).



SYMPATHETIC DETONATION EVALUATION

The general missile configurations considered in the sympathetic detonation
evaluation are: (1) the three-missile CNU-166/E missile container, see Fig. 3;
(2) the single-missile MK 470 MOD 0 missile container, see Fig. 4; and (3) the
eight-missile MK 29 MOD 0 Launcher, see Fig. 5. Most of the pertinent material
dimensions and specifications required for the sympathetic detonation evaluations
are noted in the figures. Additional information is provided in Table 1.

The maximum propellant web dimension for the SPARROW rocket motor, MK 58,
MOD 3/4 is much smaller than the critical diameter for sustained detonation. 2
For this reason the propellant is assessed to have a zero card gap value2 for the
NOL Large Scale Gap Test (see Ref. 3) which means that pressures on the order
of 20 GPa (200 kbars) or greater are required to initiate detonation. 3 A
representative calculation for the configurations studied is presented in this
chapter; however, the conclusion is that the rocket motor propellant should not
sympathetically detonate in the handling/transport configuration as a result of
a donor warhead explosive detonation. Tests were not deemed necessary to verify
this condition.

Table 2 lists the donor/acceptor combinations considered and the pressure
thresholds necessary to sympathetically detonate. Note the representative
calculation for the warhead-to-rocket-motor propagation (entry one in Table 2).

Additional configurations could have been included in Table 2 to account
for donor-warhead-to-acceptor-rocket-motor geometries that arise if the missiles
were housed in the CNU-166/E shipping containers in alternating nose-to-tail
orientations (which would not be done because of center-of-gravity consider
ations) or if the missiles in the MK 470 MOD 0 shipping containers were arranged
in a similar nose-to-tail fashion. However. calculations indicate that the
rocket motor propellants would not sympathetically detonate in these configurations
from either blast induced or fragment induced loadings. The sustainer section
of the rocket motor does line up with the warhead section for a nose-to-tail
stacking arrangement. In this arrangement the rocket motor propellants would
most likely react violently (but not detonate) as a result of the detonation of
an adjacent warhead. With no experimental data in hand. it must be assumed
(for safety analysis purposes) that a violently reacting sustainer rocket motor
could sympathetically detonate (from impact loads from rocket motor debris) the
corresponding warhead section (forward of the missile control section) and any
adjacent warhead (aligned by nose-to-tail stacking).

The detonation threshold pressure listed in Table 2 for the acceptor warhead
explosive is a conservative estimate because no measured values were available.
An actual value for the detonation threshold can be obtained by running the NOL
Card Gap Test on the material.

2Camp. Albert T.• Brentland Corporation. Personal Communication, 3 July 1981.

3price. Donna, Clairmont. Jr .• A. R.• and Erkman, J. 0 .• "The NOL Large Scale
Gap Test. III. Compilation of Unclassified Data and Supplementary Information
for Interpretation of Results." NOLTR 74-80. 8 Mar 1974.
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A calculation of the total prompt energy released from the w/H explosive
detonation is necessary for establishing a pressure distance curve. Reference 4
provides free-air airblast data for several explosives. including the explosive
used in the EX-114 MOD 1 warhead.

Shock induced pressures in the acceptor explosive/propellant were calcu
lated in the following manner. The donor was assumed to be a spherical charge.
UTES calculations provided normally reflected pressure estimates at the acceptor
position.* Shielding effects of the intervening material were ignored. which
results in the highest loads being calculated. Actually including the inter
vening materials as added mass surrounds in the UTE computations does not
appreciably change the reflected pressures calculated. The reflected pressures
computed at the charge-surface-to-charge-surface separation distance were assumed
equal to the induced pressures in the acceptors and are listed in Table 2 under
the heading of "Shock Induced."

Fragment induced pressures in the acceptor materials were computed in the
following way. The maximum donor fragment velocity was used as the initial
fragment velocity in the directions normal to the charge cylindrical surface.
For the fragment velocity off the aft end of the warhead the following expression
was used:

v = (E 1M )~
a a a

where V
a

E
a

M
a

initial fragment velocity in aft direction

energy flux in aft direction, about 10% warhead energy release

= mass flux in aft direction. about 10% of the warhead mass plus the
mass of the flight control section and the mass of the nose cap of
the rocket motor.

The above expression is based on the assumption that energy is initially equi
partitioned between internal and kinetic energy. The energy flux was estimated
by assuming that the relative energy directed through any part of the charge
surface is proportional to that area.

The velocities determined above were then used in the following formula to
estimate the pressure induced by the fragment impact in the acceptor material.

p = pcv/K.
1

4Costain, Thomas S. and Motto, Rocco V., "The Sensitivity. Performance and
Material Properties of Some High Explosive Formulations," Technical Report
4587, Picatinny Arsenal, Dover. New Jersey, Sep 1973.

SPorzel, Francis B., "Introduction to a Unified Theory on Explosions (UTE)."
NOLTR 72-209, 14 Sep 1972.

*Program UTE was coded for the HP 41C programmable calculator.
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where

p pressure induced in acceptor, listed in Table 2 under the heading
"Fragment Induced"

p = initial density of acceptor material

c = sound speed in acceptor material (see Table 1)

v = initial fragment velocity as determined above

ki = factor representing reduction in fragment velocity for configuration
i in Table 2 due to conservation of momentum between donor fragments
ind material shielding acceptor explosive/propellant

The results in Table 2 indicate that an acceptor rocket motor propellant
will not sympathetically detonate from either the shock or fragment loads
produced by a donor warhead explosive detonation. However, if the missiles
were stacked in a manner such that the warhead section of one missile were
aligned with the rocket motor section of an adjacent missile, then higher
fragment impact induced pressures (though less than the 20 GPa detonation
threshold) could be generated in the rocket motor propellant than indicated
for configuration 1 in Table 2. The assumption (for safety) is that the rocket
motor propellant could violently react (though not sympathetically detonate)
in response to these fragment impact induced loads. A second assumption (for
safety) is that a violently reacting rocket motor could .cause an adjacent (or
'the f.orward) warhead to sympathetically detonate from rocket motor debris impact
loads. It should be pointed out that there are no data to support these
(conservative) assumptions.

Acceptor warhead explosive should sympathetically detonate from fragment
impact for all configurations investigated. For adjacent weapons inside the
CNU-166/E shipping container (separation distance of 48 m (1.9 in» the shock
induced pressure is also sufficient to sympathetically detonate the acceptor
warhead explosive.

Out to about 140 rom (5.5 in) separation distances shock pressures exceed
the detonation threshold pressure of 1.7 GPa (17 kbars). The preformed SPARROW
fragments can induce pressure in acceptor SPARROW explosives above the detonation
threshold pressure out to ranges on the order of 440 m (1440 ft). However, at
a range beyond 4.3 m (14 ft) the acceptor warhead section has only a 50 percent
chance of being struck by a donor warhead preformed fragment when it is aligned
in the beam spray.
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MAXIMUM CREDIBLE EVENT

Single Missile - Configuration one in Table 2

The maximum credible event for the single missile is the donor warhead
explosive detonation. The rocket motor propellant should not sympathetically
detonate for any missile arrangement.

CNU-166/E Shipping Container - Configurations two, three, and four in Table 2

The maximum credible event for the loaded CNU-166/E shipping container
that contains three missiles is the detonation of all three warhead explosives.
The maximum credible event for a stack of CNU-166/E shipping containers, three
containers per stack, is the detonation of all nine warhead explosives. Deto
nation should propagate between warheads in adjacent stacks of CNU-166/E
containers if the warheads are aligned side-by-side.

MK 470 MOD 0 Shipping Container - Configurations five and six in Table 2

The maximum credible event for the loaded MK 470 MOD 0 shipping container
that contains one missile is the detonation of the donor warhead explosive.
The maximum credible event for a stack of MK 470 shipping containers, three
containers per stack, is the detonation of all three warhead explosives. Deto
nations should propagate between warheads in adjacent stacks of MK 470 MOD 0
containers if the warheads are aligned side by side.

MK 29 MOD 0 Launcher - Configurations seven and eight in Table 2

The maximum credible event for the all-up MK 29 MOD 0 launcher that
contains eight missiles is the detonation of all eight warhead explosives.

Nose-to-Tail Arrangement of Missiles in Shipping Containers

For both the CNU-166/E and the MK 470 MOD 0 shipping containers, a nose
to-tail arrangement of adjacent missiles lines up the warhead section with the
sustainer rocket motor of the adjacent weapon. Even though the sustainer pro
pellant should not sympathetically detonate (as indicated in Table 2), the
propellant could violently react (see the discussion at the end of the previous
section). The assumption (for safety) is that the violently reacting rocket
motor propellant could sympathetically detonate forward and adjacent warhead
explosives.

Optimum Stack Configuration for Shipping Containers

Detonation/violent-reaction propagation between warhead/rocket motor
missile sections housed in adjacent stacks of CNU-166/E and MK 470 MOD 0
shipping containers can be eliminated, for the most part, by arranging the
adjacent stacks such that the acceptor warhead/rocket motors do not lie
within the beam spray of possible high speed preformed donor fragments from
neighboring warheads.
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AIRBLAST HAZARD PREDICTIONS

Airblast predictions for sea level conditions were calculated using the
UTE model (References 1 and 5). The specific SPARROW configurations considered
are defined in Table 3 along with the computed results.

Referring to Table 3, the airblast hazard range refers to the distance
from the explosion source (ground zero) at which the blast overpressure has
fallen to the 6.9 kPa (1.0 psi) level. The airblast calculations require
specification of the explosive mass, TNT equivalent (airblast), and case mass.
The case mass includes all mass in the immediate surround such as shipping
container materials, and/or launcher structure. The configurations in Table 3
are discussed below.

1. One Missile - An all-up missile with no immediate surrounds
such as shipping containers or launcher structure.

2. 22 Missiles - The maximum number of missiles in configuration
one for which the airblast hazard criterion is satisfied at 152 m (500 ft).

3. CNU-166/E - Three missiles in the air launch missile shipping
container.

4. CNU-166/E Stack - A stack of three air launch missile shipping
cont·ainers that holds nine missiles total.

5. 7 CNU-166/E Containers - The maximum number of loaded CNU-166/E
containers (configuration 3) for which the airblast criterion is satisfied at
152 m (500 ft).

6. MK 470 MOD a - One missile in the surface launch missile shipping
container.

7. MK 470 MOD a Stack - A stack of three surface launch missile
shipping containers that holds three missiles total.

8. 22 MK 470 MOD a Containers - The maximum number of missiles in
configuration six for which the airblast hazard criterion is satisfied at
152 m (500 ft).

9. MK 29 MOD a Launcher - Eight missiles in the box launcher used.
on surface ships.

None of the configurations considered in Table 3 represent an airblast
hazard at 152 m (500 ft). The detonation of 22 warhead explosives__lust satisfies
the airblast criterion at 152 m (SOD ft). The values for the airblast hazard '
range are reported in three significant figures only for the purposes of ranking.
The computed values represent conservative (over) estimates of the actual hazard
ranges.
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FRAGMENT HAZARD PREDICTIONS

The preformed fragment (EX-114 MOD 1 warhead) trajectory predictions were
computed using the computer program TRAJ.l* The fragments formed from shipping
container walls, launcher panels, or the rocket motor cases (contributed by
violent reactions) are not significant hazards in comparison with the hazard
associated with the preformed fragments. For this reason only the hazard results
for the preformed fragments are presented here.

Preformed fragment initial conditions and computed trajectory results for
a generic preformed fragment'warhead are presented in Appendix A to illustrate
the methods used and qualitative trends obtained for the classified SPARROW
results.

The SPARROW preformed fragments do not present an unacceptable hazard
beyond 152 m (500 ft) for a mass detonation of eleven warheads. However, for
twelve weapons the hazardous fragment criterion is exceeded in the vicinity
of the preformed fragment maximum range -- well beyond 152 m (500 ft) -- because
a large percentage of the fragments impact in this region.

The computed trajectory results, therefore, indicate that the maximum
number of SPARROW weapons (with the EX-114 MOD 1 warhead) handled shipboard or
pierside at the tidewater ports should be restricted to eleven. For more than
eleven warheads the fragment hazard criterion is exceeded beyond 152 m (500 ft)
for a mass detonation of the warheads.

The above fragment hazard results do not include the following effects for
the reasons stated:

1. Higher velocity fragments formed in the interaction zone between
sympathetically detonating weapons -- this effect should only apply to adjacent
weapons inside a CNU-166/E shipping container. The warheads should have too
large a separation distance to form an interaction jet for the other configura
tions. However, an enhancement of the preformed fragment velocity by a factor
of 1.5 (a typical value for sympathetic detonations) only increases the maximum
trajectory range by about 10%, a negligible amount considering the uncertainties
in input conditions.

2. Lower preformed fragment velocities produced by the added mass
in the immediate surround of the warhead case; such as sh~pping container
cases and launcher panels -- this effect reduces the initial fragment velocity
(from momentum conservation considerations) by about 5% in general. The
initial fragment velocity is not defined that precisely, so this effect is not
considered. There is one exception to the 5% velocity reduction: preformed
fragments that are adjacent to the aluminum clamps on the CNU-166/E shipping
container have their velocity reduced by about 32%. This produces a 9%
reduction in the maximum trajectory range and affects only about 4% of the
fragments for the CNU-166/E shipping container configuration (three warheads).
This effect on the fragment hazard range is negligible. Results presented in
Appendix A indicate that variations of fragment drag coefficients and drag
area have a much more pronounced effect on fragment impact range than does
a similar variation of the initial fragment velocity.
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version is coded for the CDC 6500.
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3. .Concentration of preformed fragments in a narrow beam spray
directed'towards vertical targets, not ground surface targets (on which the
fragment hazard criterion is based) -- for the narrow beam spray region, the
hazard range for vertical targets (greater than one hazardous fragment per
56 m2) extends out to 323 m (1060 ft) for eleven warheads. Because the fragment
hazard criterion applies only to prone personnel (horizontal target areas not
vertical) the vertical target hazard is not addressed in this investigation.
The effect of the concentration of fragments in the narrow beam spray is con
sidered in the evaluation of the areal density of hazardous fragments impacting
the ground surface.

It should be pointed out'that the computed fragment areal density variation with
range near the maximum fragment impact range is a function of the range increment
size selected. This is because of the singularity in the trajectory solution
at the maximum impact range.: The results quoted for the SPARROW warhead are
based on 30 m (100 ft) range increments that is well within uncertainty limits
of the impact range for the preformed fragments. Twenty percent of the SPARROW
preformed fragments fall within this range increment near the maximum range.
Also, it should be mentioned that the computed fragment areal density results
are based on cylindrical divergence (with a beam spray angle) and not spherical
divergence because of the cylindrical design for the SPARROW warhead.
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FINAL COMMENTS

The results and conclusions presented in the SUMMARY section will not be
repeated here. However, a number of observations were made during the analysis
that should be summarized. These are presented in the following paragraphs.

Three classes of configurations for the SPARROW were not addressed here:
1) vertical launch systems, 2) aircraft armaments, and 3) ship magazines.
Including these configurations was beyond the scope of this study.

The fragment hazard criterion is exceeded (for a twelve warhead mass deto
nation) in the vicinity of the maximum range for the preformed fragments. This
distance is many times greater than the 152 m (500 ft) range. The fragment
areal density on the ground surface is greater in the region of the maximum
fragment range bounded by the geometry of the beam spray than in any other ground
location surrounding the warhead beyond the immediate ground zero location.

Substantially different (increased) fragment hazard ranges would be es
tablished if the hazard criterion were based on standing (vertical) personnel
rather than prone (horizontal) personnel. The main problem with applying the
criterion to prone personnel is that the prone position presupposes a warning
when in fact the first signals to reach the personnel are high-speed lethal
fragments.

The detonation threshold values for the EX-114 MOD 1 warhead explosive were
obtained from card gap data for similar explosives by analogy. An actual card .
gap value should be determined for this explosive.

One mechanism for propagation of detonation between warheads is worth
investigating further: Will a violent reaction response of the solid rocket
propellant sympathetically detonate the forward warhead explosive? For the
purposes of this study, the assumption was made that a violently reacting rocket
motor could sympathetically detonate a forward or adjacent warhead. If this
assumption were proven to be false, then nose-to-tail stacking of missiles could
eliminate detonation propagation between adjacent warheads.

The enchancement of preformed fragment impacts in the vicinity of the
maximum fragment impact range should be investigated experimentally. The
computed results for SPARROW and for the generic warhead discussed in .the
appendix are based on the assumption that all the preformed fragments have
the same mass, shape, and aerodynamic properties. These calculations tend to
overestimate the fragment hazard produced by warheads of the preformed warhead
design.

479



APPENDIX A

GENERIC PREFORMED FRAGMENT TRAJECTORY CALCULATIONS

Computer program TRAJ was used to compute the trajectories of fragments
for a generic preformed fragment warhead. This generic warhead design was
defined to illustrate the methods used and the qualitative trends obtained
for the classified SPARROW results. Except for the fact that both the SPARROW
and the generic warheads are of the "preformed fragment" design. there are no
other similarities between them.

The trajectory calculations are used to establish the areal distribution
of the preformed fragments as a function of range. The assumed fragment para
meters for these calculations are given in Table A-I.

For the trajectory calculations. the fragments were uniformly distributed
circumferentially around the warhead with the longitudinal axis of the missile
oriented parallel to the ground surface. The angles of elevation for the frag
ments were varied between 00 and 900 (only one quadrant and hence only 60
fragments needed to be considered because of symmetry) to obtain the spread of
impact ranges out to the maximum fragment impact range of 1280 m (4200 ft).
These results are given in Figure A-I. All fragments impacted at hazardous
energies (greater than 80 J (58 ft-Ib)).

The fragment areal densities were determined fiom the data presented in
Figure A-I by proportioning the fragments in 30.5 m (100 ft) range increments
out to the maximum range for the 150 side spray sector. Because of cylindrical
symmetry. the proportion of fragments impacting at a particular range increment
is equal to

F. :=
1

where F.
1

Proportion of fragments in 900 quadrant impacting in range increment
i; for example 4% of the fragments have impact ranges between 850 m
and 900 m (see Figure A-I). .

Spread of initial elevation angles for fragments impacting range
increment! from low angle trajectories*

= Spread of initial elevation angles for fragments impacting range
increment i from high angle trajectories*

*For impact ranges less than the maximum range. there are two trajectory
solutions. The low and high designations are referenced relative to the
initial elevation angle 8

MAX
corresponding to the maximum range.
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TABLE A-I GENERIC PREFORMED FRAGMENT WARHEAD DATA

Nominal Preformed Fragment Dimensions:

Maximum Initial Fragment Velocity, mls (ft/s)

Length,
Width,
Thickness,

Drag Coefficient, CD

Average Area, Arom
2 (in2)

. Mass, gm (lb)

Number of Preformed Fragments

Fragment Beam Spray Width, degrees

rom (in)
mm (in)
rom (in)

51 (2.0)
25 (1.0)
13 (0.50)

5.0 (3.5)

1.0

645 (1.0)

130 (0.29)

1500 (5000)

240

15
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Table A-2 gives the range increments considered, the percentage of
fragments impacting in each range increment, and the maximum numbers of mass
detonating warheads allowed at ground zero such that the fragment hazard
criterion is not exceeded; that is, such that there is less than one hazardous
fragment which possesses 80 J (58 ft-lb) kinetic energy or greater impacting
per 56 m2 (600 ft 2) ground surface area. Note in Table A-2 that 18% of the
fragments impact within -30 m (100 ft) of the maximum fragment impact range
(1280 m (4200 ft)). For this reason, the range increment from 1250 m - 1280 m
(4100 ft - 4200 ft) is the critical location for hazardous fragments -- 17 or
more warheads produce sufficient fragments impacting at this range to exceed
the fragment hazard criterion within the 150 beam spray. The next region that
is hazardous for a minimum of 17 warheads is located less than 90 m (300 ft)
from ground zero.

The percentage of fragment impacts within the (30.5 m) 100 ft increments
(column 2 in Table A-2) are plotted in Figure A-2 to better display the en
hancement of the fragment impacts in the vicinity of the maximum range.

A limited sensitivity analysis was performed with the trajectory calcula
tions that gave the following results. The base calculation assumed
Cn = 1.0, A= 645 mm 2 , and v = 1500 m/s.

(1) a ! 10% variation in drag coefficient, Cn
(-7.9%, + 9.6%) variation in maximum impact range.

(2) a ! 10% variation in drag area* A= 710, 581 mm 2 gives a
(-6.1%, + 11.8%) variation in maximum impact range.

(3) a ! 10% variation in initial fragment velocity, v = 1650,
1350 mls gives a (+2.5%, -2.7%) variation in maximum impact range.

The above results indicate that variations in fragment drag coefficients
andlor drag areas (characteristic fragment lengths) have a more significant
effect on the fragment impact ranges than do comparable variations in initial
fragment velocities.

Note that the 30.5 m (100 ft) impact range increment used to define the
fragment impact range distribution (Table A-2) is on the order of variation
of the impact range for a 10% variation in initial fragment velocity.

*For the same shape fragment this corresponds to a (-7.0% + 13.6%) variation
in characteristic fragment length. Note that the variation in impact range
correlates more closely with changes in fragment length than with area.
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TABLE A-2 GENERIC PREFORMED FRAGMENT IMPACT

RANGE DISTRIBUTION

*Range Increment
(ft)

0-100

100-200

200-300

300-400

400-500

500-600

600-700

700-800

800-900

900-1000

1000-1100

1100-1200

1200-1300

1300-1400

1400-1500

1500-1600

1600-1700

1700-1800

1800-1900

1900-2000

2000-2100

2100-2200

2200-2300

2300-2400

2400-2500

2500-2600

2600-2700

2700-2800

2800-2900

% of Fragments to Impact
Within Range Increment**

1.1

1.1

1.1

1.1

1.1

1.1

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.3

1.3

1.3

1.3

1.4

1.4

1.4

1.5

1.5

1.6

1.6

1.7

1.8

1.8

1.9
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Maximum Number of
Mass Detonating
Warheads to Satisfy
Fragment Hazard
Criterion for Range
Increment**

3

10

17

23

29

35

41

47

52

58

64

69

74

79

84

88

92

96

99

101

103

105

107

108

109

109

109

109

107



TABLE A-2 (CONT.)

Maximum Number of
Mass Detonating
Warheads to Satisfy

Range Increment*
Fragment Hazard

% of Fragments to Impact Criterion for Range
(ft) Within Range Increment** Increment**

2900-3000 2.0 106

3000-3100 2.1 103

3100-3200 2.3 100

3200-3300 2.5 96

3300-3400 2.6 92

3400-3500 2.9 87

3500-3600 3.2 82

3600-3700 3.5 76

3700-3800 4.0 69

3800-3900 4.6 60

3900-4000 5.5 52

4000-4100 7.4 39

4100-4200 18.4 16

*Computations were performed in English units (100 ft = 30.5 m).

**These results for 43 entries in the present table are interpolated using a
four-point scheme from the results of 44 trajectory calculations.
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BASIC TOW MISSILE (BGM-71A-l)
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SUMMARY

A quantity-distance study was performed for the basic TOW guided missile
BGM-72A-1 in pallet, weapon skid, and helicopter transport/handling configura
tions.

A sympathetic detonation test was conducted with the missiles in the pallet
unit load (ADU-486/E pallet adapter) configuration to verify analytical predic
tions for detonation prop'agation. Flash x-ray tests \Jere performed to verify
estimates for the shaped charge slug mass, shape, and initial velocity. The
tests supported the predictions. For differences that did occur bet\Jeen the
test results and predictions, the predictions tended to be conservative --
that is, they over-estimated the hazard. Analyses of the test data indicate
that propagation of detonation in the pallet configuration is highly unlikely.
HO\Jever, violent reactions did occur within the c~llet but were linited to
nearby missiles within a direct line of sight from the donor warhead.

Without shipping containers, all missiles are expected to detona~in the
weapon skid configuration. Only a vertical pair of missiles in the four round
modular launcher is expected to detonate in the helicopter configuration.

The maximum credible events and the associated hazard ranges for the
transport/handling configurations considered are listed below.

Maximum Credible Event (MeE)

Configuration

Pallet

Weapon Skid

Helicopter

Detonation Contribution

warhead plus
flight motor

16 warheads plus
flight motor

2 loIarheads plus
flight motor

TNT Equivalent for
Detonation, kg(lb)

5.5 (12)

55.2 (122)

8.8 (19)

Violent Reactions
Contribution

7 warheads plus
7 flight motors

15 flight motors

2 warheads plus
3 flight motors

Acceptable Hazard Range

Configuration Airblast, m(ft) Fragments. m(ft)

Pallet 37 (121) 71 (233)

Weapon Skid 77 (252) 87 ( 285)

Helicopter 42 (39) 58 (90)

Only detonations contribute to the airblast acceptable hazard range
determination. The determination of the fragment acceptable hazard range also
includes the effects of violent (non-detonating) reactions. As can be seen from
the table above, the acceptable hazard handling arc that can be applied to all
transport/handling configurations considered is 87 m (285 ft) as determined by
the fragment hazard. Because no hazard ranges \Jent beyond 152 m (500 ft), no
inhibitor/shield design is needed.

There can be one unique hazardous fragment formed, the shaped charge slug,
that can travel well beyond the fragment hazard ranges listed above. The slug,
if it is formed, represents a significant hazard for the direction in which the
missile is pointing. Controlling the orientation of the missile or using a
massive shield appear to be the two basic methods available for reducing the
slug hazard from a missile transported/handled in the all-up configuration.
The jet associated with the shaped charge dissipates well within the acceptable
hazard handling arc stated above. However, it should be pOinted out that pro
per initiation of the shaped charge explosive is required for formation of the
jet and slug. If the warhead explosive is not properly initiated near the
detonator, it is highly unlikely that either the jet or the slug will be formed.
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I. INTRODUCTION

This task was performed as part of TOW systems safety engineering support
to satisfy the Weapon Systems Explosives Safety Review Board (WSESRB) approval
for service use of TOW weapon equipped helicopters aboard Navy vessels.

Methods developed for the Naval Explosives Safety Improvement Program (NESIP)
Technology Base were used to obtain the analytical results presented in this
~eport. The methodology is described briefly in Reference 1.

Flash x-ray tests with a TOW missile warhead in shipping configuration
(CNU-333/E) and with a bare warhead were conducted at the NSWC Montana Shelter
Facility, Dahlgren Laboratory, to define the shaped charge slug parameters. A
sympathetic detonation test for a unit load (ADU-486/E pallet adapter) of TOW
missiles (quantity eight) with one donor and seven acceptors was conducted at
the Naval Ordnance Missile Test Facility, DICE THROW Test Site, White Sands
Missile Range, New Mexico to establish experimentally the airblast and fragment
hazards associated with an accidental detonation in the pallet handling unit.
These test results were required to verify and complement the analytical haz
ard predictions.

The hazard definition of interest here is the acceptable hazard handling
The acceptable arc for an explosion event is determined by the minimum
at which both blast overpressure and fragment hazard criteria are satis

These criteria are:

(1) The blast overpressure must be less than 6.9 kPa (1 psi).

(2) The hazardous fragment flux evaluated for the ground
surface area must be less than 1 hazardous fragment per
56 m2 (600 ft Z), A fragment is considered hazardous when
it has an impact energy of 80 Joules (58 ft-1b) or greater.

Note that the fragment hazard criterion specifies an acceptable areal density
for hazardous fragments, not a maximum range for hazardous fragments. There
can be hazardous fragments beyond the acceptable hazard handling arc; however,
their areal density must be less than the level specified by (2) above.

An NSWC technical report that presents more detailed analytical and test
results is to be published at a later date.

IPorze1, Francis B., "Technology Base of the Navy Explosives Safety Improvement
Program," Minutes of the Nineteenth Explosives Safety Seminar, Department of
Defense Explosives Safety Board, Los Angeles, CA, Sep 1980
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II. BASIC TOW MISSILE DESCRIPTION

The basic TOW (Tube Launched Optical Tracked Wire Guided) Weapon
(designated BGM-71A-l) is a guided-missile propell;d by solid propellant
launch and flight motors that delivers a conical shaped charge warhead.
The missile is shown deployed and in various transport configurations in
Figures 1 through 6.

The mass breakdown for the missile and selected dimensions are given
in Table 1. The explosive and propellant properties are given in Table 2.

III. SYMPATHETIC DETONATION

The configurations considered in this section are the palletized basic
TOW missile in launch tube (Figures 1 and 2) and shipping container (Figure 3)
as shown in Figure 4. the basic TOW missile in launch tube only as illus
trated for the weapon skid in Figure 5. and the helicopter launcher in Figure 6.
Tables 1 and 2 contain the pertinent values used in the calculations below.
Only warhead (W!H) and flight motor (F!M) combinations were investigated because
Reference 2 indicates that the W/H explosive and F!M propellant would sympathet
ically detonate each other.* and that the launch motor propellant would not
sympathetically detonate for either a W/H explosive or a F/M propellant detona
tion. Table 3 lists the donor/acceptor combinations considered and the pressure
thresholds necessary to detonate the acceptors. In the calculations below. the
total prompt energy available from a W!H explosive detonation is taken to be
10.04 MJ and that from a F/M propellant detonation is 6.26 MJ.

Airblast Initiation Predictions

Blast induced pressures in the acceptor materials were calculated in the
following manner. The donor was assumed to be a spherical charge. UTE (Ref. 3)
calculations were made for the normally reflected pressures at the positions of
the acceptors. Any shielding effects of the intervening materials were ignored,
which results in the highest loads being calculated. It turns out for this parti
cular TOW configuration that including the intervening materia~s as added mass
surrounds about the donor does not appreciably change the reflected pressures
calculated. The induced pressures were assumed to equal these reflected pressures
in the acceptors and are listed in Table 3. All the blast induced pressures are
significantly less than the detonation thresholds of the acceptors except for
case 5 where the fragment induced pressure is even greater than the blast induced
pressure. For these reasons no corrections were made to the UTE calculations to
account fo~ the cylindrical geometry of the charge or the effect of any
shielding by intervening materials.

*The electronics section was not included in the Reference 2 tests. The present
calculations do account for the electronics section.

2Lynch. C. L. and Tucker. W. 1.. "TOW Hazards Classification Tests," Report
No. RT-TM-66-73. U.S. Army Missile Command, Redstone Arsenal, AL. 15 Sep 1966.

3porzel. Francis B.• "Introduction to a Unified Theory of Explosions (UTE)."
NOLTR 72-209. 14 Sep 1972.
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Fragment Initiation Predictions

Fragment induced pressures in the acceptor materials were calculated
in the following manner. The donor was considered to be a cylindrical charge.
Initially, the energy flux and mass motion of the donor are assumed to be
directed normal to the charge surfaces. It was estimated for both W/H and F/M
donors that approximately 60 percent of the mass and energy is directed
radially outward from the sides and 20 percent is directed axially from each
end face. Appropriate masses for materials located between donor/acceptor
explosives and propellants were used in the velocity calculations. The more
important mass values are given in Table 1.

The initial velocity of a fragment was calculated according to the
formula:

v • [(t) x 2~]'/2
where v initial velocity of the fragment

E donor energy propagating in the given direction

M mass accelerated in the given direction

The additional factor of 1/2 accounts for the initial partition of energy
between kinetic and internal energy. The calculated velocity was used in the
following equation to estimate the pressure induced by fragment impact in the
acceptor material.

p

where p

p

pcv/K

pressure induced in acceptor

initial density of acceptor

c = sound speed in acceptor material

v initial velocity of fragment as calculated above

K factor representing reduction in fragment velocity
due to conservation of momentum between fragment
and shielding material

When the intervening mass increments (mi) are accumulated and carried along
with the original fragment mass (mo) , the K-factor is calculated as:

K = 1 +"m./m
~ 1.. 0

where the summation includes all mass elements involved~ When the intervening
mass elements (mi) are punched out and then separate from the original frag
ment mass (mo) before striking the next plate, the K-factor is calculated as:

K = II (l + m. 1m )
1.. 0
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where the product function covers all appropriate mass elements. The first
definition for the K-factor results in the highest calculated induced
pressure in the acceptor material.

As summarized in Table 3, if the F/M propellant detonates, the associated
W/H explosive should sympathetically detonate, but the adjacent F/M propellant
should not. If the W/H explosive detonates, the associated F/M propellant should
not sympathetically detonate but the adjacent W/H explosive may possibly
sympathetically detonate. Since W/H to W/H sympathetic detonation is marginal,
it cawbe expected in the pallet configuration that some adjacent warheads may
sympathetically detonate, but that a~y propagation of detonations will rapidly'
die oui. Note that even though the adjacent W/H may not detonate, the high
induced pressures calculated indicate that the W/H explosive is very likely to
experience an energetic reaction such as deflagration or rapid burning.

Sympathetic Detonation Test

A sympathetic detonation test was conduced by the Naval Ordnance Missile
Test Facility personnel at the White Sands Missile Range, New Mexico. The
objectives were to: (1) determine the maximum credible event (MCE) for the deto
nation of a single shaped charge W/H in a unit load pallet configuration
(ADU-486/E) of eight all-up basic TOW missiles in CNU-333/E shipping and storage
containers; (2) determine the airblast hazard range for the test configuration;
and (3) determine the fragment hazard range for the test configuration.

Missile #2 in Figure 4 was the donor W/H. A high speed camera was set up
to document the explosion event with a large field of view. A higher speed
camera was aligned nose-on to record detonation propagation between missiles in
the pallet. Two lines of pressure gages were set up to record the airblast
generated by the event. Fragment recovery areas were set up out to 427 m
(1400 ft) in 61 m (200 ft) radial by 200 angular sectors.

The test results pertaining to sympathetic detonation are discussed in the
next paragraph. Results pertaining to the airblast and fragment hazards will
be discussed in their respective sections.

Test Results

Post-test debris observations indicated that in addition to the donor W/H
detonation, five acceptor warheads broke apart violently and five flight motors

- reacted violently. Six intact launch motors, one intact flight motor, and two
intact TOW missiles (still in CNU-333/E containers) were located within the
recovery area. The debris evidence, therefore, suggests that the maximum con
tribution to the MCE for this test would come from the explosive/propellant
from six warheads and five flight motors (30 kg (67 lb) TNT».

The donor missile is labeled #2 in Figure 4. Missiles #6 and #8 were
recovered intact in their containers. This suggests the following propagation
scheme. The donor missile #2 fragments cause missiles #1, #3, #4 and #5 to
react. There is also a direct path for fragments between missiles #2 and #7.
Missiles #6 and #8 were shielded from direct impact by fragments from missile
#2. Therefore, missiles #6 and #8 did not react. If this propagation scheme
is correct, then a corner donor such as missile #1 would cause acceptor missiles
#2, #4, #5 and #6 to react. All seven acceptors, however, would react if
either missile #4 or #5 were the donor.
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The camera viewing the pallet nose-on, which could possibly have given
photographic evidence of sympathetic detonation, did not operate during the
test. However, the camera"viewing the pallet side-on from a great distance
with a large field of view did document that only one shaped charge jet/slug
was formed, that of the donor warhead. This documentary film also showed that
at least two rocket motors did go propulsive for a short period of time and that
energetic reactions continued in the vicinity of ground zero for a considerably
longer period of time .

The airblast data indicates that only the donor W/H explosive detonated.
The violent reactions which were observed in the acceptor materials release a
considerable amount of energy which can contribute to the fragment hazard, but
which is too late to enhance the blast wave. Therefore, a warhead detonation
is not expected to cause sympathetic detonation in the pallet configuration.

Conclusions

Pallet Configuration. The predictions summarized for cases 2 and 3 in
Table 3 indicate that sympathetic detonation is marginal for the adjacent war
heads. The pallet test which represented seven donor-acceptor detonation
propagation tests showed that there was no sympathetic detonation, but that
many violent reactions occurred. This agreement between predictions and test
results allows us to rely on the predicted results, which are somewhat more
severe, without having to test each of the other configurations.

The MCE for the pallet configuration shown in Figure 4 is the detonation
of one flight motor and one warhead, with violent reactions occurring in the
remaining warheads and flight motors.

Weapon Skid Configuration. Cases 5 and 6 in Table 3 indicate that the
warheads will mass detonate if anyone of them detonates. The detonation of
a F/M will cause the detonation of a W/H (case 2). but will not cause the
adjacent flight motors to detonate (case 6).

The MCE for the weapon skid configuration shown in Figure 5 is, therefore,
the detonation of one flight motor and all warheads, with violent reactions
occurring in the remaining flight motors.

Helicopter Configuration. Figure 6 shows that adjacent weapons in the
vertical direction correspond to cases 5 and 6 in Table 3. There is sufficient
launcher mass between horizontal neighbors that sympathetic detonation is not
expected to occur.

The MCE for the four round helicopter configuration shown in. Figure 6
is the detonation of one flight motor and two warheads. with violent reactions
occurring for the remaining two warheads and three flight motors.
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IV. AIRBLAST HAZARD

The airblast hazard range is defined as that distance from the point of
detonation at which the side-on overpressure is equal to 6.9 kPa (1.0 psi).

Predictions

Airblast predictions for sea level conditions were calculated using the
computer program UTEDMG (refs. 1 and 3). In the calculations, the total prompt
energy avialable from a W/H explosive detonation is taken to be 10.04 MJ and
that from a F/M propellant detonation is 6.26 MJ. The explosive/propellant
masses and case/launcher/shipping-container masses surrounding the detonating
materials were calculated using the data in Table 1. The predicted airblast
hazard ranges for the MCE's defined in Section III are presented in the table
in the Conclusions paragraph below.

Test Results

,The airblast results from the sympathetic detonation test described in
Section III indicate that the airblast hazard range is 25m (82 ft) for the
pallet configuration. This is the result of a single W/H detonating. The
predicted hazard range is larger because the MCE is the detonation of both a
W/H and a F/M.

Conclusions

The airblast hazard ranges for the MCE's in the handling/transport con
figurations of interest are summarized below:

TOW Configuration

Pallet

Weapon Skid (16 missiles)

Helicopter

Airblast
Hazard Range

37 m (121 ft)

77 m (252 ft)

42 m (139 ft)

The predicted maximum number of TOW weapons that can mass detonate and still
not exceed the airblast hazard criterion at 152 m (500 ft) is 70 weapons.

v• FRAGMENT HAZARD

The fragment hazard range is defined as that distance from ground zero
for which the hazardous fragment flux evaluated for the ground surface area
falls below one hazardous fragment per 56 m2 (600 ft 2). A hazardous fragment
has an impact energy greater than or equal to 80 Joules (58 ft-lb).

Predictions

In the present calculations, it was assumed that the energy from the
violent reactions contributed to the fragment hazard as well as that from the
detonations. .The calculations indicate that the steel fragments from the F/M
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case are more hazardous than the aluminum fragments from the W/H case. The
predicted fragment hazard ranges for the MCE's defined in Section III are
presented in the table in the Conclusions paragraph below.

The fragment predictions were calculated using the computer code FEN
(ref. 1). The data in Table 1 were used to define the fragment characteristics
for the calculations. The characteristic dimension of the aluminum fragments
was taken to be equal to the thickness of the W/H case. That of the steel
fragments was taken to be one half the thickness of the thicker F/M case. The
larger the fragment dimension. the farther the fragments travel when all other
trajectory parameters are equal. A drag coefficient of 1.28, corresp~nding to
supersonic velocities, was used. A shape factor of 0.3, a typical value for
irregularly shaped bomb fragments. was assumed. The shape factor (SF) is
defined by the relationship: volume = SF x frontal area x length. The initial
fragment velocity was taken to be equal to the velocity of the side spray
fragments from the flash x-ray tests described in Section VI. The predicted
fragment side spray velocity was quite close to the measured value.

Test Result9

Thirty one large pieces of debris (fragments) were recovered from the
pallet test described in Section III. only a cursory fragment recovery effort
was performed in order to identify the major debris items. No comprehensive
recovery of hazardous fragments was undertaken. However, based only on the
recovered debris, the fragment hazard range for the test was evaluated to be
38 m (125 ft). Twelve of the recovered fragments landed farther than 38 m
from ground zero, but their areal density did not exceed the hazard criterion.

Conclusions

The fragment hazard ranges for the MCE's in the handling/transport
configuration of interest are summarized below:

Number of Fragment
TOW Configuration Weapons Hazard Range

Pallet 8 71 m (233 ft)

Weapon Skid 16 87 m (285 ft)

Helicopter 4 58 m (190 ft)

The predictions indicate that the mass detonation of basic TOW weapons
should not violate the defined fragment hazard criterion at 152 m (500 ft)
until the number of weapons approaches the level of 185 weapons.

VI. JET/SLUG HAZARD

The basic TOW shaped charge W/H, if initiated properly, will
very high speed jet and a somewhat slower but more massive slug.
jet and the slug travel in the nose forward direction.
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Proper initiation of the shaped charge explosive is required for formation
of the jet and slug. If the W/H explosive is not initiated near the detonator,
it is highly unlikely that either the jet or the slug will be formed. Detonation
of the F/M propellant could possibly properly initiate its associated W/H. It is
extremely unlikely that more than one jet/slug set would be formed in any given
accident scenerio.

Because of the sensitive nature of a number of the basic TOW warhead
parameters, the results in this section are given in general, qualitative terms
for this·paper.

Predictions

An estimate was made of the propagation (penetration) in air of the TOW
shaped charge jet using the expression below taken from Reference 4.

x -t~s s

where x
r

Residual penetration in steel after penetrating a thickness
t through a protective material of density p

x = Penetration in steel with no protective materials
s

t Thickness of protective material

p Density of protective material

Ps Density of steel

By setting xr = 0 the "thickness" ..£ of air traversed by the jet can be solved
for. This value of t will overestimate the distance travelled in air since
the above equation does not take into account the breakup of the jet due to
transverse instabilities over large distances of travel. Even so, the jet
is predicted to dissipate well within the acceptable hazard range of 152 m
(500 ft).

An estimate was made for the slug size and shape. Then a range of values
was considered for the other trajectory parameters (initial velocity, angle,
drag coefficient). The trajectory calculations were made using the computer
program TRAJ (ref. 4). In the pallet configuration, where the slug started
out horizontally three feet above the ground, it was predicted for all com
binations of assumptions that the slug would travel well beyond the acceptable
hazard range of 152 m (500 ft). If the missile were pointed upward at the
optimum elevation angle between 20 and 25 degrees, then the slug could easily
travel several miles before impacting the ground.

Flash X-ray Tests

Flash x-ray tests were performed by NSWC at the NSWC Montana Shelter
Facility at Dahlgren, Virginia. The objectives were to: (1) determine the
initial velocity, shape, and mass of the slug formed by the basic TOW shaped

4Pugh, Emerson M., "A Theory of Target Penetration of Jets," NDRC Report
A-274 (OSRD-3752) May 1944.
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charge; and (2) determine the initial velocity of the fragments ejected in the
side spray of the W/H section.

Two TOW W/H configurations were tested. For Test 1 the W/H was housed
inside the glass reinforced plastic launch tube and the aluminum shipping
container. For Test 2 only the bare W/H section was set up.

The slug shape and velocity were determined from two x-ray pictures taken
a known time interval apart. The slug mass was obtained from the shape on the
x-ray film, assuming that the slug was a solid of revolution about its longi
tudinal axis. The initial velocities of the side spray fragments were determined
using a high speed camera to obtain fragment times of arrival at a 22 gauge
mild steel flash panel. '

Test Results

A typical flash x-ray picture of the slug is shown in Figure 7. The slug
shape and mass were quite close to the' predicted values. The velocities of the
slug and the side spray fragments were in the range considered for the predic
tions. The test results indirectly indicate that the shaped charge jet will
travel substantially less than the predicted distance.

Conclusions

Because proper initiation of the shaped charge explosive is required for
the formation of the jet and slug, it is unlikely that a fully formed jet and
slug will be generated in an accidental detonation. It is extremely unlikely
that more than one jet/slug set would be formed.

The jet is expected to dissipate well within the acceptable hazard range
of 152 m (500 ft).

, A slug, even partially formed~ represents a significant hazard in the
direction that the missile is aligned at the time of the accident. The slug
could travel several miles before impacting the ground. Controlling the orien
tation of the missile or using a massive shield appear to be the two basic
methods available for reducing the slug hazard from a missile transported/
handled in the all-up configuration.
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TABLE 1 MASS AND DIMENSIONS FOR BASIC TOW

TOW Missile

Warhead Section
Explosive Mass, kg (lb) ..
Total Mass, kg (lb) ....
Aluminum Case Thickness, rom (in).

Electronics Section
Total Mass, kg (lb)

Flight Motor Section
Propellant Mass, kg (lb) .
Total Mass, kg (lb) .
Steel Case Thickness, mm (in)

Center (Guidance) Section
Total Mass, kg (lb)

Launch Motor Section
Total Mass, kg (lb)

TOW Total Mass, kg (lb).

Launch Tube
Glass Reinforced Plastic Mass, kg (lb)
Total Mass, kg (lb) .
Thickness, mm (in) .
Density, g/cm3 (lb/in3).

Shipping Container
Aluminum Tube Mass, kg (lb).
End Cap Mass, kg (lb).
Total Mass, kg (lb).
Tube Case Thickness, mm (in)

Polyethylene Foam Cushion
Total Mass, kg (lb) ..
Radial Thickness, mm (in).
Density, g/cm3 , (lb/ft 3) .

498

2.4 (5.3)
3.9 (8.6)
1.3 (0.050)

1.61 (3.54)

2.59 (5.72)
5.65 (12.45)
3.2 (0.13)

2.44 (5.37)

5.48 (12.08)

19 (42)

2.0 (4.5)
6.8 (15)
1.9 (0.075)
1. 87 (0.0676)

4.63 (10.2)
4.94 (10.9)

14.5 (32)
1.6 (0.064)

1.4 (3.0)
27.2 (1.07)
0.032 (2.0)

.'"'- "--.-"'~~-. --.-~ -':""--,-- ...---_.---.-.-..- ---.., --, -"."'~~ -- ,~-_.
--~--.- .. ~...~--.- .. ~'-""-'--'-~_.'-"'r:-'~''-:--.'-'_.



TABLE 2 EXPLOSIVE AND PROPELLANT PROPERTIES

Warhead Explosive: OCTOL Type I - 75/25 (HMX/TNT)

Density, g/cm3 (lb/in3) .
TNT Equivalent .
Large Scale Card Gap Test

Sound Speed, mls (ft/s) .

Flight Motor Propellant:. PNJ Double Base Propellant

Density, g/cm3 (lb/in3) ...
TNT Equivalent (Estimated).
Card Gap Test . . . . .

Sound Speed, mls (ft/s)

Launch Motor Propellant: M7 Double Base Propellant

Density, g/cm3 (lb/in3)
Card Gap Test . . . . .

Sound Speed, mls (ft/s)

499

1.81 (0.0655)
1.38
220 Cards

1.64 GPa (16.4 kbars)
2400 (7890)

1. 58 (0.057)
0.8
55 Cards

7.7 GPa (77 kbars)
1580 (5180)

1.63 (0.059)
65 Cards

3.5 GPa (35 kbars)
1630 (5348)



TABLE 3

SYMPATHETIC DETONATION PREDICTIONS FOR PALLETIZED BASIC TOW

Overpressure in
Acceptor

SympatheticCase Donor Acceptor Detonation Blast Fragment
Threshold Induced Induced Detonation
GPa (kbar) GPa(kbar) GPa(kbar)

Same Weapon

1 W/H F/M 7.7 (77) 0.53 (5.3) 2.0 (20) No

2 F/M W/H 1.6 (16) 0.36 (3.6) 2.8 (28) YES

Neighboring Weapons, With Shipping Containers

3 W/H W/H 1.6 (16) 0.37 (3.7) 1.6 (16) Marginal

4 F/M F/M 7.7 (77) 0.25 (2.5) 1.2 (12) No

Neighboring Weapons, Without Shipping Containers

5 W/H W/H 1.6 (16) 1.5 (15) 2.5 (25) YES

6 F/M F/M 7.7 (77) 1.5 (15) 1.3 (13) No
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1092 mm
43.00 in

FIGURE 4. FLEET ISSUE UNIT LOAD. GUIDED MISSILE BGM·71A·1.
BGM·71C (TOW) OR BTM·71C (INERT) IN ADAPTER ADU·486/E
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---- ~ HALF-SCALE SUBMARINE TENDER WORKSHOP EXPLOSION HAZARDS

::>
Joseph G. Connor, Jr.

Naval Surface Weapons Center
White Oak, Silver Spring, Maryland 20910

ABSTRACT

As part of the Naval Explosive Safety Improvement Program (NESIP), a
torpedo warhead was detonated inside a 1/2 scale model of a submarine tender
workshop. The model was tightly confined on the bottom and three sides,
lightly confined on the top and the remaining side - off which fragments were
collected and shock overpressure measured. This test constitutes a worst case,
since the bulkheads in the ship will provide much less confinement than was
built into the model. Fragment hazards extend less than 300 feet from the
model and 1 psi overpressure was observed 400 feet from the model (300 and 800
feet for a full scale tender). A second test was performed in which the sides
of the model were less tightly confined than on the first. No fragments were
recovered and 1 psi overpressure was observed 200 feet from the model (400 feet
from a full scale tender).

1\
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The next step is to assess the hazards associated with detonation of a
single warhead inside the workshop compartment. One model test has been
completed and another is in the process of being analyzed. Both tests involved
lighting off a half scale torpedo warhead inside a half scale model of the
workshop area of the ship. Structural debris collection and side-on pressure·
observations confirm the 500 ft hazard range implied by the earlier unconfined
warhead tests.

AS-I8 MODEL: DISCUSSION

In the workshop a single torpedo warhead is normally located near a
longitudinal bulkhead at one side of the workshop. Explosion of the warhead
will cause the longitudinal bulkhead and the decks above and below to open.
Hot explosion product gases then will vent to the neighboring ship compartments.
The longitudinal bulkhead on the opposite side of the workshop is not likely
to be ruptured. by the shock front.

The hull plate aboard ship is not expected to be perforated, but pieces
may separate from the (horizontal and vertical) stiffeners at the weld lines.
The intact hull plate will confine the explosion gases and debris to the ship;
it will also muffle the amplitude of the airblast observed outside the ship.

The initial outward velocity imparted to the hull plate by the explosion
shock has been calculated (Reference 2). The result of the calculation is an
upper limit on the initiai velocity of the plate since it was based on the
assumption of an unimpeded shock striking a uniform unreinforced steel plate.
Reflected shocks from the nearby decks and bulkheads were not included in the
assumed load on the hull plate. With these restrictions, the initial velocity
of the plate was estimated to be just under 300 ft/sec. This velocity does
not give the plate sufficient kinetic energy per unit area to exceed the strain
energy required for rupture. Thus, no perforation is expected when the warhead
is detonated behind an intervening bulkhead and various items of furnishings.
The net permanent deformation is difficult to predict because of the many weld
joints at the decks and plate stiffener junctions.

The structure is modeled carefully after the ship on the side closest to
the expected location of the warhead - the area of the ship that can supply
material for fragments, and the a~ea through which the shock front must pass.
The remainder of the model simply represents the structural mass and enclosed
volume of the ship compartments that will be opened up by the blast front, and
into which explosion gases can expand. Structural details are considered to
be unimportant in areas of the model other than those in the exit paths for
fragments and blast. Early time confinement approximating that supplied by
the stiffened decks and bulkheads in the ship is provided by earthen restraints
along the sides, back and over the roof of the model.

AS-I8 MODEL: CONSTRUCTION DETAILS

Plan and elevation views of the models used for both tests are shown
in Figures 2 and 3. In both cases, the portion of the model facing the
fragment recovery pad and pressure gage line is modeled as closely as possible
from the ship drawings.
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For the first test, the two sides and back (the side away from the
recovery pad) were formed by an excavation in a previously undisturbed
hillside abutting the pad area. The roof was galvanized steel sheets not
fastened to the supports, but covered with about 10 inches of earth so that
it would remain in place for a short time but blow away after the initial
confinement. Each end of the hull plate was anchored at two points by ex
tending horizontal stiffeners into pockets cut into the hillside. The top
of the hull plate was not restrained while the bottom was held back by
several stakes driven into the ground.

The model for the second test was a replica of that used on the first
test as far as internal volume and structural details of the hull plate are
concerned. However, the two sides and back were much less tightly confined
than they were on the first test. The back consisted of steel plating
resembling in mass but not structural detail the side facing the pad. The
sides were restrained by 4 ft of earth sandwiched between the steel model
walls and 1 ft thick concrete pads. The roof was identical to that on the
first model.

The construction changes on the second test resulted from a conscious
effort to avoid the excessive confinement provided on the first test by the
excavation walls in the virgin hillside.

On another series of NESIP tests (Reference 3) it was found that furniture
inside the compartments close to the exploding warhead had a significant
effect on fragment dispersion and hull breakout. Thus, each of the present
models contained objects to simulate the items normally found in the torpedo
workshop. The first test model was less heavily loaded than was the second.

TEST RESULTS

Photographs of the models before and after each test are shown in
Figures 4 and 5.

First Test. The simulated hull plate was pulled loose from its moorings
and thrown 300 ft. It was recovered with no penetrations and no evidence of
fragment strikes on its inner surface. At a point opposite the warhead, it
was bowed outward about 3 ft indicating that the fingers at each end of its
length had provided insufficient restraint. The explosion pushed the center
portion out until the fingers were no longer seated in their pockets in the
hillside. The plate was then driven away from the model; the simulated
furniture followed. Most of the structure and furniture fragments recovered
from the pad were found in a circular segment 150 on either side of the center
line of radius 400 ft from the warhead. The density of fragments recovered
was less than 1 in 1200 ft 2 at the 400 ft radius.

The hard, lava-like material of the hill in which the model was constructed
provided unyielding reflecting surfaces which enhanced the shock loading of the
hull plate-and furniture. Thus the fragments were subjected to a sustained
driving pulse which pushed them out onto the recovery pad after the hull plate
had departed.

3Swisdak, M. M., Jr., "Determination of Safe Handling Arcs Around Nuclear
Attack Submarines," 19th Explosives Safety Seminar, Los Angeles, CA, 9-11 Sep 1980.
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This megaphone effect also enhanced the amplitudes of the shock sensed
by the pressure gages on the center line from 46 to 320 ft·'from the warhead.
The pressure distance curve is plotted in Figure 6 together with that from
the second test. On the first test, one psi is observed at 400 ft from the
1/2 scale warhead, corrected to sea level. For a full scale warhead; one
psi would be expected as far out as 800 ft in similar circumstances.

Second Test. The simulated hull plate was anchored to two earth-filled
steel boxes which were restrained by large concrete slabs as shown in Figure 3.
The back of the model was unrestrained - while the first was set into a hill.

As a result of these differences, when the warhead detonated in the second
model the hull plate and its anchors moved forward a few feet and tipped over
without parting any welds. No debris left the model.

One psi overpressure was observed at 200 ft from the warhead - corrected
to sea level conditions. Thus, one psi from a full scale warhead .in a full
scale ship at sea level would be expected at 400 ft from the warhead.

The motion of the hull plate was monitored with Doppler radar and a high
speed camera. Preliminary measurements indicate that the maximum plate velocity
was 10 to 20 ft/sec about a third of a second after motion began. This is much
less than the prediction for an unstiffened, unconfined and unrestrained plate.

DISCUSSION

It is apparent that little, if any, debris will leave the side of a
submarine tender following detonation of a'full scale warhead in its torpedo
workshop.

Earlier tests have shown that sympathetic detonation among warheads in
the workshop and magazine is unlikely or can be prevented easily. The present
tests were intended to involve the worst case of a single warhead accident:
a single warhead detonates accidentally in the torpedo workshop near the hull.
Detonation of a single warhead in the magazine, since it is further removed
from the hull plate, will induce lesser hazards outside the ship than one
detonated in the workshop.

CONCLUSIONS

For a single warhead detonated in the workshop:

- Initial velocity of any debris will be less than 25 ft/sec

- Any debris will be confined to a segment of radius 400 ft, 150 on
either side of the normal to the hull plate

- One psi from a full scale warhead at sea level will be observed at
400 ft from the warhead.
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~, EXPLOSION CONTAINMENT: PROGRESS,
~ SCALING LAWS, AND MATERIAL PROPERTIES*

by

John J. White, III and B. Dale Trott
Battelle, Columbus Laboratories

Columbus, Ohio

ABSTRACT
\
~
The BaLteU.e OftWtance Technology Se.cUon hM been ..tnvolved

nOft ~eveJta..e. ye~ with the devetopment On Navy ITJt..t-SeJtv-<.ce) te.chnology

nOft the c.ontMnmevtt 0 6 explM2.o~ ..tn poJtta.ble ~phe.Jt-i.c.al cha.mb~. The

centJtal top-<.c. 06 t~ papen c.onc.eftn~ the ftOOm tempeJta.:tUfte tuting 06 a

Ffto~t.e.,{.ne ~tee! v~~et w,[th 22 ftepe:t..tt-<.ve explo~-<.on~ 6nom 4.54 ~g (10 lb)

c.ha.JI.gu 06 Compo~it~on C-4 h-<.gh explo~-<.ve. The c.umulat-<-ve p~t,{.c. de

6oftma.t-<.on 06 the ~heU hM been analyzed ..tn the hnpu£Ae apPJtoxhna.t-<.on

to g-<.ve e66ect,{.ve va..tuu n0ft the Ffto~tt..tne mec.han-<'c.a..t equation 06 ~tate.

Ev-<.denc.e 06 wonR hMden-<-ng ~ 6ound. Sc.aUn9.taw~ pfted-<-cUng the pea~

UMt,{.C. ftupo~e 0b e)(plo~-<.vuy loaded ~phe.Jt-i.c.a..t ~he.e.a Me c.ompMed.

Recent .e.-<.teJta.:tufte on the top-<.c ob explo~-<.on c.ont~nment, -<.nclud,[ng Sov~et

,lVl-teJtut, -<.J.> bJt-i.e.M:y ftev-<.ewed.
,t.

/ \

*Sponsored, in part, by the U.S. Naval Explosive Ordnance Disposal
Facility, Indian Head, Maryland, under Contract No. N00174-76-C-Ol03.
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INTRODUCTION

Portable, reuseable, accessible explosion containment chambers

offer a number of advantages to situations where unplanned qr infre

quent detonations should be confined. (1,2) The unwanted effects of

blast, fragments, noise, and toxic materials released by explosions

can be contained by proper design. Fracture-safe design is a signi-

f · t t . f 11 l' . (1) H' h ' ff' .1can 0P1C or a app 1cat10ns. 19 conta1nment e 1c1ency

(ratio of charge to vessel weight), which is essential to portable

vessels, leads to the anticipation of elastic-plastic responses 'in

the vessel design. (3.4) The type-classified Mk 634 Mod 0 Explosive

Devices Container(5) represents the state-of-the-art in such portable

chambers.

The principal application(2) for portable explosion containment

technology concerns the handling of terrorist bombs and related devices.

Safe transport of the dangerous item to a preferred location for disposal

is desired. The need in the civilian sector is for each major population

center to have its own device. It is important for safety reasons to

insure that the most reliable design information be disseminaterl. Similar

thoughts apply to explosion containment design for manufacturing ammuni

tion, demilitarization of ammunition, and advanced weapon development.

This paper documents a portion of an evolutionary development

program, (6-8) which led to the Mk 634 Mod 0 Device. A brief literature

review is made to keep users of the technology abreast of related acti

vities. Scaling laws for the prediction of elastic responses in spheri

cal vessels are compared to show their usefulness and status. A room
,(9) F l' 1 1 .temperature explosion test ser1es on a rost 1ne stee vesse 1S

presented. Each 4.54 kg (10 lb) shot added to the cumulative residual

strain in the vessel shell. The data is then analyzed in the impulse

approximation to predict an effective mechanical equation of state for

Frostline steel.

520

--~-. --, ~._-._... - - -- ~-..,....----- -- .. _--,.......,..-,..- -------..-------- - .-------:--:""""""-... ~- -- -:- ~.-- --- '--' -..,. - .,-/- .... --"



~-.:.:c..:,....-." , _ ,~" _ ~_..I •• _ ." _" ~ •••~ .... _-'-_ ....._.,_." _,_. 0" __ .' '"__--'0 _~ _, '"- _0 ,_,:, • __ ". __ • ' _._ _ ' __ " _"_' "", ... ~" .... • ~ __ ..... _~. .",_.

LITERATURE REVIEW

As steady contributors to the literature in the field of

explosion containment, we make a practice of collecting and refer

encing relevant contributions of interest to our colleagues. To

save space, we mention these contributions once, and refer our

d ' (1-9)" h "f'rea ers to prev~ous papers conta~n~ng ot er s~gn~ ~cant

references.

The student of technology development will find the Carlson
(10)

report from 1945 very interesting. His objective was to analyze

the design and test results for a prototype vessel called "Jumbo"

and some tenth-scale versions called "Jumbinos". The vessel "Jumbo"

was a cylinder capped by thinner gage hemispheres. It was expected

to confine an explosion from a two-ton charge.

Developments on cylindrical vessels closely parallel efforts
(ll )

with spheres, M. C. de Malherbe, et a1. performed a successful

analysis of a gas detonation wave propagating down the axis of a

cylind~r. A. G.. Ivanov and coworkers(l2) extended a Soviet interest

to optimize the weight efficiency of cylindrical containment chambers.

They are using the approach of multilayer walls to stop crack propaga

tion and avert catastrophic rupture of the whole structure. A. A.

Buzukov(l3) has reported additional experimental data to confirm the

loading history and vibrational response of cylinders to line charges.

Recent research on spherical containment includes contributions

from LANL, BRL, and the Soviets. D. C. Moir(l4) of LANL performed a

safety analysis to determine the capability of an outer safety sphere

to contain all products of the catastrophic failure of an inner confine

ment vessel. This leads to the challenging problem of the penetration

capability of a hemisphere striking a larger radius hemisphere inter

nally. T. R. Neal (15) of LANL has addressed the charge rating criteria

for elastic responses of spherical shells, i.e., an equivalent of the
. (l 4 16)

scaling law publ~shed " by the present authors. The practical

interest in this case is to assure a reuseable confinement shell.
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BRL(17) has evaluated a novel approach to spherical contain

ment that involves off-center detonation of bare charges. The shell

is relatively thin, however the weld line is heavily reinforced with

thick internal and external bands. The charge is rotated from the

port to various positions off-center but within the weld plane. This

device is one of the Army's more effective suppressive shield designs.

The use of 1020 carbon steel is not attractive from a service tempera

ture/fracture safety point of view. (1) The application is not stated,

but a manufacturing process appears to be a good candidate. Battelle

published pipe bomb containment results(8) for a similar sized vessel

in 1978.

T. A. Duffey and coworkers(18-2l) have been active in extending

the theory of spherical explosion containment. They have considered

the case of a thin

a vessel buried in
. (20)t10ns on blast

shell surrounded by an infinite elastic medium, e. g. ,
(18 19) .

concrete or sandstone. • Some ear11er calcula-
. (21)

load1ng and free shell response were presented

at the ASME Pressure Vessel and Piping Division Conference in Orlando,

June 27-July 1, 1982.

The recent Soviet work on spherical vessels has concentrated on

strength scale effects in water-filled shells and on the correct dynamic
(22)

loading of an air-filled shell. Ivanov, et al. conclude that the

easier failure of scaled-up, water-filled vessels is not explainable in
. ' (23)

terms of straln rate effects. The calculations by Zhdan and also

the LANL group(20) raise the interesting question of resonant loading

effects due to periodic pressure pulsations within the vessel. The

impulse appears to be increased for distances less than 10 charge
(13) .

radii. The data of Buzukov on pulsat10ns in cylinders is consis-

tent with this line of investigation.

Some new information of equipment and facilities may be of

interest. The FBI Total Containment Bomb Trailer(6) is one of many

interesting devices displayed in the recent book(24) by Michael Dewar.
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The vessel and trailer were developed by Pictanny Arsenal with the

technical support of the Battelle Ordnance Group. Individuals

interested in permanent test facilities may wish to consult NSWC TR
(25)

3891 to learn about the Dahlgren blast confinement chamber.

Similarly, Battelle is expanding its capabilities by building a new

terminal ballistics facility. Laboratories wishing to study small

scale explosions may want to consider a Fike 20 Liter Test Sphere. (26)

The cost per pound of explosive contained may be rather high. A

rather exceptional contribution on the topic of dust explosions and

their control is the new English-language version of the book by

W. Bartknecht. (27)

SCALING LAW FOR ELASTIC RESPONSE

f I ' 1 (1,16) f . klWe recently published a use ul sca 1ng aw or qU1C y

predicting the peak first-cycle response of an elastic spherical

shell loaded by the explosion of a centered, bare, spherical charge.

The results for a given vessel material may be expressed in the form

E =max (1)

where E is the peak strain, K is a constant, h is the shell thick-
max

ness, R is the shell radius, and M is the explosive mass. In the

impulse approximation, Eq. (1) becomes

E
max

K R -1.39 h -1.00 M 0.80
2

(2)

. (3,4)
The calculation of these equations 1nvolved computer runs of SPLAS

for a wide range of shell designs, shell materials, explosive charge

weights, and peak stresses. The vessel was filled with air at STP.

523



Eqs. (1) and (2) can be compared with the experimental findings

of Neal, (14,20,28) whose results may be written

Emax
= K R -1.883 h -1.000 M 0.961

3
(3)

Eq. (3) is specific to 9 shots on steel vessels with 4 values of the

air density in the vessel. The discrepancies among the exponents of
(20 23)

Rand M need to be resolved through further research. '

These equations also offer the opportunity to ask what effect

the shell radius' to' thickness ratio, R/h. has on vessel performaI?-ce.

The answer is most easily answered in terms of the specific contain

ment ratio, M/M , where M is the thin shell mass. Eqs. (1-3) can be
v v

rewritten and closely approximated by

E = C (ft. 252 (: ) 0: 772
max 1 v

E = C
2

(tY·20 (~ )0.. 80
max v

and

E = (lr· 039 (~ )0: 961
max C3 h

v

(4 )

(5 )

(6)

respectively, where C is a cons tan to Alternatively, these equations

can be written as

M

(~l t 772 (+),0.326 (7)v- =
M max

M

(~2 rao

(+r
25

v (8)M =
max

and

M (~3 Y-0406 ( ~ t·0406
v (9)-M max
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If M and E are specified, the BCL results expressed bymax
Eq. (7) states that 25.4% more metal is needed if Rlh is doubled.

Thus thicker shells offer some advantage over thiner shells of the

same mass. The LANL result expressed by Eq. (9) states that only

2.9% more metal is required if Rlh is doubled. This comparison

clarifies the incentive for obtaining better knowledge of the

scaling law exponents.

EXPERIMENTAL MULTIPURPOSE BLAST CONTAINMENT CHAMBER

Our recent publications(1,2,16) on explosion containment have

emphasized materials performance at low service temperatures and also

scaling laws for vessels having an elastic response. This section
. . (3,4,7,8) 1 hI' 1 .returns to a prev~ous top~c, name y tee ast~c-p ast~c

response of a spherical vessel to repetitive explosion tests.

The multipurpose blast containment chambers(9) discussed below

were intended to meet the following objectives:

• Completely contain the blast from 4.54 kg (10 Ib)
of TNT detonated centrally within the chamber.
Repeat at least 7 times.

• Reduce blast overpressures outside of the vessel
at a 1.52 m (5 ft) radius to not o.ver 27.6 kPa
(4 psi).

• The chamber should be on a support cradle to
facilitate transport in trucks or on trailers.

• The access port should be large enough to accom
modate the passage of an attache case whose
dimensions are 0.305 x 0.432 x 0.089 m (12 x 17 x
3-1/2 in.) in a random orientation.

• The total weight of the chamber and cradle should
not exceed approximately 953 kg (2100 Ib).

• Perform the blast containment role down to a
temperature of -34.4 C (-30 F).
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Difficulties meeting the last objective using Frostline* steel were

vividly illustrated in our paper at the Nineteenth Explosives

Safety Seminar. (1) The first five objectives were successfully met,

and it is the data(9) obtained to satisfy the first objective that

is reported and analyzed below. The explosive charge and vessel

. weight constraints implied an elastic-plastic response by the vessel

material.

Chamber Design

The diameter of the chamber was selected on the basis of the

minimum diameter chamber which could incorporate a port of at least

0.536 m (21.1 in.) in diameter to pass the attache case as required

by the objectives. Our experience(4,8) had shown that port diameters

equal to the radius of a spherical chamber performed satisfactorily,

hence a sphere diameter near 1.07 m (42 in.) was selected.

The wall thickness of the chamber was selected on the basis

f . . d' 1 1 . (4) f h . h f h . . f .o lteratlve eSlgn ca cu atlons 0 t e welg tot e reln orclng

ring, door, cradle, and chamber itself to obtain a gross weight of

chamber and cradle as near 953 kg (2100 Ib) as possible. These calcu

lations indicated a desired average wall thickness near 0.0229 m

(0.900 in.). This led to ordering the rolled gage of plate to be

hot-pressed in hemispherical shells at 0.0245 m (0.970 in.) with

instructions to hold overweight down.

It was found by ultrasonic measurements that the average thick

ness of seven hemispherical heads at the pole was 0.8576 inches, indica

ting an average thickening of 0.044 inches from the minimum to the pole.

The average wall thickness of the vessel was calculated under

the assumption that the heads have circular symmetry about their pole

points, and each set of measurements at a given polar angle was weighted

accordingly. The selected wall thickness led to an actual total vessel

weight including cradle of the first vessel of 976 ± 11 kg (2150 ± 25 lb),

within 2.4 percent of design objective.

*Trade-name of Lukens Steel Company
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The Battelle method for designing the door reinforcing ring

was employed. This approach has an excellent service record. Further

details are given elsewhere. (4,9)

The previously used door design criteria(4) employed a flat disc

door whose thickness was established on the basis of static, elastic

stress formulas, such that the maximum stress in the door would equal

that in the spherical vessel. Examination of the door performance

realized(4,B) using this c~iteria showed that no measurable distortion

of the doors occurred. even for vessels which suffered catastrophic

failure. An opportunity to reduce the vessel weight with no sacrifice

of performance was recognized.
(6 7)

It is known from various stress analyses ' that the door

stresses will be largest in the center, and gradually decrease toward

the edges of the circular door. Hence, material was removed from the

outer edges of the door. The central 1/3 of the door was left flat

near the design(4) thickness. The thickness of the outer edge was

reduced by a factor of two. Thus, the back half-thickness of the

door was converted from a right-circular disc to a frustum of a cone.

This weight reduction amounted to 47 kg (103.5 lb) and resulted in

satisfactory performance of the door.

The door operating mechanism selected for use in these chambers

was suggested by B. S. W. Poe of the Naval Explosive Ordnance Disposal

Facility (NEODF), Indian Head, Maryland and tested for operational

feasibility in an approximately full-scale mock-up at NEODF. It con

sists of a 12 VDC-powered electric winch mounted on a plate attached

to the outside top of the reinforcing ring. The winch lifts the door

from a rest position near the bottom of the chamber up to the fully

closed position by a steel cable attached to the outer face of the door.

The door is not otherwise attached to the chamber. This door operating

design is shown schematically in Figure 1 with the door shown both open

(dotted), closed, and secured by the auxiliary support spider.
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/

Door closed with support
spider

Door open position with slack
in cable to clear port

FIGURE. 1. SCHEMATIC VIEW OF CHAMBER
SHOWING DOOR OPERATING
MECHANISM
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Observation of the operation cycle of the door on the scale

mock-up showed that only small, strong guides located at either side

of the door along its horizontal centerline are needed to guide the

door into its final centered position and keep it there. The guides

chosen were 3/4 in. wide, 1 in. high, and 2 in. long. Analysis of

the geometry of door lift in the vessel showed that efficient lifting

action is obtained where the five-inch thickness of the reinforcing

ring is considered, if the cable is attached 2 in. above the door

centerline.

To provide positive support for the chamber door in the fully

closed position during road travel, an auxiliary support mechanism was

constructed. The mechanism consisted of a five-legged spider fabricated

from 6061 T-6 aluminum alloy with a captive central 0.0254 m (1 in.)

diameter bolt. The spider legs were machined to fit inside the rein

forcing ring to provide positive centering and overlap the outside to

provide positive closure. The central bolt attached to the door via a

nut welded to the center outside face of "the door. The bolt was tight

ened via a handwheel attached to the outer end of the bolt.

Materials Selection and Properties

The introduction of the blast containment service temperature

requirement of -34.4 C (-30 F) led to a program to evaluate the effective-

f 'I bl . 1 (1,29) Th' 1 d i h f 1ness 0 ava1 a e mater1a s. 1S resu te n a searc or a vesse

steel that could be hot pressed into a hemisphere, has a modest cost,

and has adequate low temperature fracture properties. A special heat of

modified Frostline material was selected for the present application.

Frostline steel is quite similar to the A-537 material used
(4 7 8)

successfully in previous vessel programs. " Frostline has a small

columbium (niobium) addition, which resulted together with special

rolling practice in fine grain in the range of ASM grain sizes 12-14.

The modified Frostline contains a calcium addition to control sulphide

shapes to a nodular form, thus giving increased toughness. The cost of

this material is comparable to that of A-53? material.
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The Charpy V-notch energies of separately heat-treated

Frostline at -59 C (-75 F) ranged from 79 to 262 J (58 to 193 ft-lb),

suggesting good fracture resistance at the specified service tempera

ture of -34 C (-30 F). Fracture-safe design practice suggests that the

nil ductility transition temperature (NDT) for steels should be 120 F

(67 C) below the operating temperature, however since successes with

only 60 F (33 C) are reported. Unfortunately, the Charpy test data·

is not always sufficient to evaluate the NDT, and drop weight or

dynamic tear test data must be used.

Difficulties with the fracture toughness of Frostline at -34.4 C

(-30 F) developed when dynamic tear tests were made as part of the base

metal and welding qualification procedures. Reheat treating of test

pieces gave successful fracture properties, but the full thickness

material did not respond adequately.

As reported previously, (1,28) explosion bulge and full scale

vessel tests confirmed that the modified Frostline material was not

adequate to meet the low service temperature blast containment require

ment. A vessel was successfully tested at -6.5 C (20 F). HY-80

material has subsequently been shown to completely satisfy the material

requirements for this application. (1,2,5,29,30)

The rings and doors of the present vessels would also have been

fabricated from Frostline material. However, none of this material was

available in the required thicknesses. The more costly, alternate alloy,

HY-80 was selected based on its confirmed superior low temperature pro

perties, and availability in the required thickness.

Explosion Testing At Room Temperature

Figures 2 and 3 give front and side views of a vessel fabricated

from Frostline steel. It is 107 cm (3.5 ft) in diameter, has a 2.29 cm

(0.90 in.) wall-thickness, weighs 998 kg (2,200 Ibs) with aluminum

cradle, and has a 55.3-cm (21. 75-in.)-diameter access port with a

circular door. Figures 4 and 5 show the explosive charge positioning

system in the extended and retracted positions. Figure 6 gives a good
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FIGURE 2. FRONT VIEW OF THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL AFTER
SHOT NO. 23.

FIGURE 3. SIDE VIEW OF THE FIRST FROSTLINE VESSEL
CONTAINMENT VESSEL AFTER SHOT NO. 23.
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FIGURE 4. VIEW 0F THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL
WITH THE CHARGE POSITIONING
SYSTEM EXTENDED.

FIGURE 5. VIEW OF A FROSTLINE VESSEL AND
CHARGE WITH THE CHARGE POSITION
ING SYSTEM RETRACTED.
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FIGURE 6. FRONT VIEW OF THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL DURING
THE TEST SERIES. THE WINCH. CABLE.
AND ALUMINUM SPIDER SHOULD BE NOTED.

FIGURE 7. REAR VIEW OF THE FIRST FROSTLINE
EXPLOSION CONTAINMENT VESSEL AFTER
SHOT NO. 23. SLIGHT DIMPLES MAY BE
OBSERVED SLIGHTLY BELOW THE LIFTING
EYEBOLTS.
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view of the aluminum spider, while Figure 7 indicates a slight

dimpling effect after many tests that is characteristic of mass

asymmetries.

An explosion testing series of 23 shots was carried out on

the first of these vessels fabricated. The tests were conducted in

the summertime inside a reinforced concrete test building. Thus the

vessel temperature just prior to the explosion was at least 15.6 C

(60 F) in every test completed.

The accumulated residual strain in the vessel material was

determined by means of measurements between fiducial marks making up

18 gage lengths. The marks were placed on three orthogonal great

circles so that the average response would closely approximate that of

a simple spherical shell loaded by the explosion of centrally-positioned,

spherical explosive charges.

Table 1 gives the average residual strain(9) determined for 23

shots employing a centrally-positioned, spherical charge of Composition

C-4 high explosive. The first 22 shots used 4.54 kg (10 lbs) charges,

and the 23rd shot used 9.09 kg (20 lbs) of explosive.
(9 )

Figure 8 gives a plot of the accumulated average residual

strain for the first 22 shots versus shot number. The downward curva-

ture indicates a work hardening effect. The average incrementaloincrease

was 0.045 percent per shot, indicating that the vessel would likely

contain 100 or more shots with 4.54 kg (10 lbs) of C-4 explosive. It

1 1 'b . h 1 (4)is known that large amplitude f exura V1 rat10ns occur near t e po e,

which could lead to fatigue problems with high usage. Further work is

required to fully evaluate large numbers of usages. Service use based

on metropolitian police experience suggests that high numbers of usages

will not be required in the EOD role. In any event, the principal blast

containment objective was easily met at room temperature.

It is truly shocking to compare these results with the first test

at -34.4 C (-30 F) on the second Frostline vessel using 4.54 kg (10 lbs)
, (1 2 9)

of explos1ve. " In this case, the vessel failed by brittle fracture.
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TABLE 1. ACCUMULATED AND INCREMENTAL AVERAGE RESIDUAL STRAIN
FROM EXPLOSION TESTING OF THE FIRST FROSTLINE VESSEL
AT ROOM TEMPERATURE.

Explosive Charge, Accumulated Strain, Incremental Strain,
Shot No. 1bs Percent Percent

1 10 0.086 0.086

2 10 0.166 0.080

3 10 0.242 0.076_.

- 4 10 0.307 0.065-
5 10 0.360 '0.053

6 10 0.392 0.032

7 10 0.471 0.079

8 10 0.499 0.028

9 10 0.548 0.049

10 10 0.572 0.024

11 10 0.620 0.048

12 10 0.631 0.011

13 10 0.684 0.053

14 10 0.716 0.032

15 10 0.752 0.036

16 10 0.808 0.056

17 10 0.832 0.024

18 10 0.854 0.022

19 10 0.899 0.045

20 10 0.909 0.010

21 10 0.944 0.035

22 10 0.994 0.050

23 20 1.674 0.680
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as expected, scattering pieces about the test site. Potential users

of blast containment vessels who have no experience with nil-ductility

transition temperatures are urged to read Reference 28.

The large deformation of 0.68% strain caused by the 9.08 kg

(20 lb) shot should be noted. The shot deposited more than 3 times

the amount of energy from a 4.54 kg (10 lb) shot. A large fraction

of the energy is absorbed elastically with the 4.54 kg (10 lb) shots.

Thus the incremental deformation is small. The elastic energy absorp

tion is unchanged with the 9.08 kg (20 lb) shot, thus' requiring a

relatively larger amount of plastic flow to achieve containme~t.(3)

MECHANICAL EQUATION OF STATE ANALYSIS

A preliminary analysis has been made of the date in Table 1 and

Figure 8 to determine an effective mechanical equation of state (EMES)

for Frostline steel. The immediate application of the EMES would be

the prediction of the elastic-plastic responses of Frostline vessels

with differing radii R, thicknesses h, and/or explosive charges M.

Model Description

The major assumptions of this analysis were:

•
•

•

The impulse approximation can be meaningfully applied.

Strain rate effects can be estimated using an effective
yield and flow stress.

Loading can be estimated using the. reflected impulse
data of Goodman'. (31)

The impulse approximation overestimates the peak vessel response by

15-30%. Thus the yield strength estimated will be too high by a

significant amount. This means that the EMES should only be used in

vessel response predictions using the impulse approximation. The

. i h b d b B k (32) d hstra~n rate assumpt on as een use y a er an many ot ers to

obtain useful solutions with minumum effort. The method implies
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errors of 10-20 ksi in yield stresses if the loading strain rates of

two vessels differ by an order of magnitude. Also, as noted previously,

it would appear that corrections to the reflected impulse of Goodman(30)

should be made at distances less than 10 charge radii. (20,23)

The stress-strain model assumed here (see Figure 9) includes a

linear elastic segment up to a yield stress Oy. The plastic flow stress

is represented by a linear segment with a small positive slope S to

account for work hardening. The material unloads elastically and returns

after damping to the residual strain state gr' If the work hardening

coefficient S changes as gr increases, then a cusp is created by continu

ing the loading curve at some point with another linear segment. This

type of loading curve is called a linear spline in mathematics, and the

cusp points are called knots.

Mathematical Method

I h . 1 ., (3) h h 11 . . .n t e 1mpu se approx1mat1on ,t e s e acqu1res a Jump 1n

radial velocity in a time short compared with the natural response

time. Momentum is conserved by writing

I = ph V
r 0'

(10)

where I is the reflected shock wave pressure impulse, p is the shell
r

density, h is the shell thickness, and V is the initial radial velocity.
o

The kinetic energy imparted by the explosive per unit volume of the

shell is

v
V 2

p 0

2

I 2
r

2Ph Z·
(11)

For each explosive shot the area under the stress-strain curve out to the

unloading point must equal Vl2, allowing for the biaxial strain. The

impulse I depends on both the charge size and the vessel radius. (31)
r .
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YIELD POINT. IF THE DETONATION TAKES THE METAL BEYOND B
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down to the new accumulated strain E
r,n

When the nth shot is fired, the vessel has the accumulated

residual strain Eland a stress of zero. The mechanical state
r,n-

of the material proceeds to the yield point (E ;0 ), then across
y,n y,n

the flow curve to the unloading point (E +1' ° +1)' and finallyy,n , y,n
Energy is conserved using

the relation

° (E - E ) +y,n y,n r,n-l
(12 )

Eq. (14) is a quadratic equation for the new unloading strain E +1y.n .
It is then possible to calculate

a = a + 5 (E -E)
y,n+l y,n y,n+l y,n

and finally

(13)

E
r,n (14)

where E' = E/(l - v) is the effective elastic modulus of the shell.

Computer Analysis

A computer program BILIN was written to perform a brute-force

least squares fit of the predicted values of E from Eq. (14) to the
r

data given in Table 1 and Figure 8. The unknowns were the initial

dynamic yield stress 0y and the slopes 51' 52' etc. of the flow curve.

The cusp points (knots) were only locally fixed by specifying their

occurrence at a selected unloading point.

Table 2 describes the qualitative aspects of six model fit proce

dures used to investigate the EME5 of Frostline steel that can explain

the residual strain data. A global fit means that all unknown parameters

were determined simultaneously. A sequential fit means that an additional

spline segment was added on after a calculation for so many shots was
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completed. The sequential method was abandoned when the fifth pro

cedure D-S gave a non-physical (negative) value of a slope.

Table 3 gives the quantitative results from the six procedures.

Case A-G is an elastic-perfectly plastic model that yields a straight

line on Figure 8 due to the fact that all 22 shots used 4.54 kg (10 1b)

of explosive. Case B-G is the usual elastic-plastic model with a

single plastic segment. This model introduced curvature (due to work

hardening) and the fit greatly improved.

Cases C-5 and C-G had two plastic segments with a knot after the

ninth shot. The fits are excellent because the first slope accounts

for the initial curvature and the smaller second slope accounts for

the later linear portion of the data.

Cases D-S and D-G had three plastic segments with knots after

the fifth and twelveth shots. Case D-S turned out badly, because the

error distribution in Shots 7-12 caused S2 to be larger than 51' This

anomaly led to a negative value of 53' which is not physically accept

able for 1% total residual strain. Case D-G demonstrates the advantage

of global fitting. The fit is not superior to Case C-G, presumably

because the knot positions were not optimized.

Cases C-G and D-G are considered the results best describing the

EME5 for Frostline steel. The finding that the initial dynamic yield
. III k . i i . h . (4,7,8,30) .. stress a 1S S1 S cons stent W1t past exper1ence uS1ng

y
Case B-G in program SPLAS for such steels as A-537 and HY-80. The

static tensile yield strength of this Frostline steel was 60 ksi with an

ultimate tensile strength of 80 ksi. Due to the nature of the impulse

approximation, the correct dynamic initial yield strength for this data

is probably 90 ksi. Thus the material appears to have a 50% increase

in yield strength due to the strain rate.

Referring to the analysis by Duffey, (33) we estimate that mild

state doubles in yield strength for a strain rate of 40.4 sec-
l

For

the impulse approximation used here, the initial strain rate for the
-1

4.54 kg (10 lb) shots was 56.5 sec The 50% increase in dynamic
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yield strength over static yield strength is thus quite reasonable

if the analogy with mild steel is accepted.

SUMMARY

A progress report has been given on portable, spherical ex

plosion containment vessels. Experimental data on the elastic

plastic response of a Frostline steel vessel has been given. It

has been shown that a two plastic segment mechanical equation of

state for the Frostline material can accurately account for the

observqtions. The initial dynamic yield strength deduced is physi

cally resonable. Recent efforts by other research groups have been

reviewed. The problem with scaling laws for elastic response and

the possible problem of predicting the correct explosive loading on

vessels have been introduced.
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DESIGN OF A DETONATION CHAMBER

FOR DEMILITARIZING MUNITIONS

by
I<"

'\' WhitneyM. ~G.

,,"
W~ E. Baker

J. R. Riegel III

L. R. Garza

\

\;. ABSTRACT

In this paper, we present the ideas and methods used in the concept development
of a detonation chamber for use in an ordnance disposal facility. Unstable,
outdated munitions would be intentionally detonated in the chamber. The cham
ber had three important design criteria: 1) it should not allow missile or ex
plosive products to escape to the environment, 2) it should operate on a 23
minute cycle (from disposal detonation to detonation), and 3) it should contain
detonations involving up to 100 lb of TNT equivalent energy. To satisfy the
environmental demands, simple di5?osal methods such as detonating the ordnance
in the open are eliminated. An invento D" of ordnance types intended for dis
posal was reviewed to define the "wars t case" fragment hazard. ,

Various concepts were evaluated to resis~ blast loads, includ~~th reinforced
concrete and steel construction. Structural types included suppressive shield
designs, cubicals, I-beam frames with curved membrane panels (steel only),
spherical shells (steel only) cylindrical shells, and water tank designs. Of
the various chamber concepts evaluated, four were selected for final evaluation.
They 'rJere, 1) a cylindrical concrete water tank with steel dome above, 2) a cylin
drical concrete water tank with concrete dome above, 3) a steel cylinder with
ellipsoidal end caps and internal ~-beam/angle fragment shield, and 4) a concrete
cylinder with. flat e~d caps and an internal I-iJeam/ angle fragment shield.

Based on the evaluation of the four concepts. either of the first two (water
tanks} was recommended as the preferred choice.
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I. INTRODUCTION

In 1979 Southwest Research Institute (SwRI) performed analyses to design

a detonation chamber for use in demilitarizing outdated munitions. This study

by SwRI was but one part of a facility study prepared by Travis-Braun and

Associates, Inc., in joint venture with Splawn-Munir and Associates, Inc. SwRI

was subcontractor to the Architect-Engineer. The purpose of this facility

being planned is co dispose of outmoded ammunition and contaminated waste

products for Red River Army Depot, with the capability of disposing of some

munitions from other military facilities. The disposal facility is intended

for siting at the Red River Army Depot. The Ammunition facility study was

prepared for the Fort Worth District, Corps'of Engineers.

The entire facility concept includes the use of'a fluidized-bed reactor

complex, a decontamination oven, grinder areas, slurry house, shearing/sawine/

shredding areas, and the detonation chambers. All disposal systems were re

quired to meet the then existing Environmental Protection Agency criteria. A

more in-depth discussion of the entire facility concept is provided in Refer

ences 1 and 2.

As mentioned, the scope of the work described in this paper included only

the concept development ,of the detonation chamber. Items intended for disposal

in the chamber were deemed as unstable or unsafe for mechanical dernil by the

other processes. The demil process planned for the chamber was the intentional

detonation of items with complete containment required. It is stressed that

the scope of work under this study by SwRI was concept development only, and

the resulting designs are not final designs.
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II. DESIGN CONSTRAINTS

The detonation chamber concepts were determined with several restric

tions. These included:

1) A design value of 100 lb of TNT equivalent explosive energy as

a maximum for anyone firing,

2) Total containment,

3) Explosive products scrubbed or filtered before release,

4) Reusable for numerous firings over a 10-year period,

5) A 23-minute cycle time between firings,

6) Use with a wide variety of munitions including fragmenting

rounds, , and

7) A safety factor of four applied to the yield stress of struc

tural steel or rebar.
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III. ANALYSIS

The analysis by SwRI included consideration of both blast and fragment

loads and their effects on the containment structure. Several early, obvious

concepts were investigated and reviewed for practicality. The initial design

philosophy for the chamber was to contain the explosion with a blast-resistant

structure which is designed to last more or less indefinitely under repeated

blast loads and to contain fragments with replaceable liners or shields which

will last for a number of shots, being replaced as needed. Structural analysis

was performed for uniform loading and one-degree-of-freedom response. Asymmet

ries were left for a mor~,detailed analysis. Efficient ordnance replacement,

equipment needs, rapid cleanup, rapid scrubbing, and sufficient work area all

must be considered in any concept. Fragment protection was determined to pre

sent a greater design problem than blast protection for the munitions consid

ered and a water tank concept was included for consideration. Four concepts

were selected for final evaluation and comparison.

Considerations for Blast Containment

The detonation chamber should measure about the same in all major dimen

sions so that all internal surfaces will feel approximately equal blast loads

when ordnance is detonated near the center. .Uso, chamber shapes which leave

small surface area for a given internal volume use material more efficiently

in containing internal dynamic and static pressure loads than do chambers which

are much larger in one dimension than in others. These considerations dictate

such'shapes as spheres, short-capped cylinders, or cubes as the basic contain

ment chamber geometry. The following geometries, as illustrated in Figure 1,

were considered.

1) Spheres (steel construction)

2) Cylinder with LID = I and flat end caps (steel and concrete

construction)
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3) Cylinder with L/n = 1 and oblate spheroidal end caps

(steel construction)

4) Cube (steel and concrete construction).

For these four geometries, one can easily correlate the internal volume

and various internal dimension w~th a single dimension, X, as shown in Fig

ure 1. This dimension should be large enough to conduct normal operations

conveniently; however, it is obvious that blast loads reduce as X increases.

The minimum value of X was fixed as 10 feet for operational requirements and

an upper limit of 50 feet was considered, for beyond this it is unlikely that

the structure would be economical. The range of sizes considered was, there

fore, 10 ft < x < 50 ft.

Blast loads in air were determined using standard air blast curves for

both the initial reflected shock and quasi-static loading. Blast pressure

loading consists of several reflected short duration pulses and a relatively

slow buildup to a much longer duration quasi-static pressure as illustrated

in Figure 2. As suggested in Reference 3, the multiple reflected shocks are

approximated for the dynamic analysis as a single triangular pulse with the

same duration and 1. 75 times the peak pressure as that predicted for the

initial reflected pulse.

The above procedure was utilized for blast load prediction for loads in

air-filled chambers. As mentioned, it proved difficult to provide fragment

shielding for air-filled chambers, and water tank containment chambers were

also investigated. Underwater blast curves are available in Reference 4. The

minimum radii of the tanks were fixed by fragment stoppage distance but the

magnitude of the underwater shocks increased the radius well beyond this. An

additional step to reduce the magnitude of the underwater shocks was to pro

vide an air cylinder about the charge to decouple the munition and the water.

The prediction of underwater loads proceeded as follows:

1) Use air blast curves to determine shock loads at·water/air

cylinder interface
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1. SPHERE

4
V= -rr X3

3

3. CYlJNDER WITH
SPHEROIDAL END CAPS

4
V= -rr X3.

3

2. CYLINCER WITH
FLAT END CAPS
V = 2 rr X3

4. CUBE
V = X3

Figure 1. Geometric Shapes for Consideration
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2) Determine effective quantity of explosive energy which would

produce the same loads at that distance in water

3) Use underwater shock curves to predict loading on the tank

walls.

In addition to the tank loads, air sqock loads and a water plume will develop

above the tank, and these loads must be contained. These loads can be pre

dicted using methods described in References 5 and 6.

Considerations for Fragment Containment

An important function of the detonation chamber is to arrest all frag

ments from internal munitions explosions. Because the chamber itself must be

designed for quite a long life, only very low energy fragment impacts can be

tolerated. Preferably, no fragment impacts should be allowed. So, this re

quirement dictates some type of inner structure or system which is capable

of either completely arresting high speed fragments, or of slowing them and/or

breaking them up so they cannot damage the blast-resistant structure. In the

analysis, "worst case" fragments were identified from the inventory of muni

tions planned for disposal. As an example, one such fragment could be a piece

or steel shell casing weighing about 3 lb, traveling at 1750 ft/sec. In

assessing systems employing fragment retardation or arrest, one must consider

a number of factors, which can be listed as questions:

1) Are proven design methods available?

2) Can an average recycle time of 23 minutes be attained?

3) Is periodic replacement needed? Is this easy or difficult?

4) What is the effect on gas scrubber system?

5) Does system complicate or ease design/construction for blast

resistance?

There are a number of fragment arresting systems which could be used to

protect the detonation chamber including the following:

1) Solid steel plate
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2) Vented steel panels designed for suppressive shields

3) Spaced panels with sand fill between panels

4) Kevlar curtains or other exotic fragment-stopping material

5) Sand-filled expendable cylinders surrounding munitions

6) Large water tank.

Solid Steel Plate - A fragment shield can be made out of pieces of solid

steel plate which will stop all fragments. These plates can be closer to the

munitions than the blast-resistant structure itself, and would feel much

stronger blast waves. They must be mounted on a very strong frame. Periodic

replacement is mandatory, but can be minimized by using many panels and re

placing only those which show severe fragment damage. Cleanup should be

relatively simple, and there is no effect on a gas scrubber system. Blast

loads on the blast-resistant chamber will be strongly attenuated, in fact,

the blast-resistant design problem is transferred from the blast chamber to

the frame for supporting the solid steel fragment arrest panels. The chamber

itself could be thick enough to stop the fragments, but the structural integ

rity would be compromised and effect the blast-resistant capabilities.

VerturlSteel Panels - A number of types of vented steel panels, employing

assemblies of standard structural shapes, were designed and tested during the

suppressive structures program. Two types which could easily be used to catch

fragments are panels made up of nested angles and interleaved I-beams. Proven

design methods for fragment arrest are readily available for these panels.

(Reference J) Because they are vented, they carry some blast loading but also

pass some blast which will impinge on the chamber. So, an intermediate strength

support frame will be needed. Because of blast attentuation by the vented

panels, the loads on the blast chamber are reduced and a lighter design will

suffice. Cleanup and periodic replacement problems should be similar to solid

steel panel design, and there is no effect on the scrubber system.

Spaced Panels with Sand Fill - The main framework would consist of deep

section I-beams. These are spanned by sections of commercial steel roof decking,

with several feet of sand fill between inner and outer decking panels. The
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decking panels are quite thin, so fragment arrest must be accomplished primarily

by the sand fill. The I-beam frame must be of similar strength as for support

of solid steel fragment panels, because the panels do not vent. Inner decking

panels will probably require frequent replacement. Cleanup will be more dif

ficult than for steel fragment panels, because sand will leak out of the panels

"hen the inner decking is perforated. Dust may complicate scrubber functioning.

Because this design carries the blast loads in the support framework for the

sand-filled panels, the blast chamber design can be drastically lightened, as

is true for any unvented fragment arresting design.

Kevlar Curtains or Other Exotic Fragment-Stopping Material - The rela

tively new DuPont fiber Kevlar has been found to be an excellent material for

arresting high-speed fragments either as Kevlar cloth curtains or when formed

into fiber-reinforced rigid panels using an epoxy resin matrix. The loose

cloth could be used to catch fragments, suspended from a framework. Rigid

Kevlar-epoxy panels or other exotic material could replace steel fragment

arrestors. Although these concepts will work as well as any other unvented

fragment stopping concept, the high cost would probably prohibit its use.

Sand-Filled Expendable Cylinders - Figure 3 illustrates this concept.

The sand packed around the exploding munition arrests the fragments. The cylin

drical sonotube container for the sand ruptures. Both sand and pieces of sono

tube disperse and impinge on the detonation chamber inner surfaces. The air

cavity shown in the figure mayor may not be needed to decouple strong shock

waves from the sand and prevent sand displacement before fragment arrest.

The fragment arresting system is expended with each detonation in this concept.

It is also a very "dirty" system, scattering debris all through the detonation

chamber with every shot. Scrubbing and cleanup would both be difficult. Also,

design concepts are not proven.

Even though this concept has certain advantages such as strong blast wave

attenuation and very low initial cost, the other disadvantages probably out

weigh these advantages.
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Figure J. Concept for Expendable, Sand-?illed

=ra~ent ArTestor Placed I~side t~e Detonation Chamber
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Large Water Tank - A system used in the Netherlands for complete re

covery of fragments from detonating shells appears very attractive for this

application. The Dutch system is described in Reference 7, and shown in

Figure 4. This system has many advantages. The water slows the fragments

so that they never impinge on the walls of the tank or emerge from the water

surface with enough velocity to cause any structural damage. The water also

drastically reduces air blast above the tank, so a very light chamber covering

the tank will suffice. Rapid turnaround of munition detonation is possible,

if a number of the expendable air cylinders are made up beforehand.

The air cylinder and bubble curtain shown in Figure 4 are n~eded to de

couple direct underwater shock from the tank walls. The air cylinder can

present an operational problem, because it is buoyant in water and must be

drawn beneath the surface and held there by a pulley and cable system, as

indicated in the figure.

Cleanup should be very simple with this system. because all fragments

will remain in the tank and fall to the bottom. Periodically accumulated frag

ments can be cleaned out. Some filtering or cleanup system may be needed for

the water, because explosion products will be intimately mixed with the water

with each explosion.
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IGNITION CABLE

AIR CYLINDER

Figure 4. Tesc 3asi~ Used in che ~et~erlands

For Complete Fragment ~ecoverJ
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IV. CHOICE AND COMPARISON OF PREFERRED CONCEPTS

Weighing the various factors cited in previous sections of this paper

it was felt that the last concept discussed, the water tank, has many advan

tages over all other systems. It was the recommended choice. As a backup

in the event that the water tank is not operationally acceptable to the cus

tomer, the concept of vented steel panels similar to panels in suppressive

shields was recommended as the second choice. The fragment arrestor would

be placed inside cylindrical containment structures. The cylindrical shape

was determined in structural calculations to be more material efficient than

the box shape and more space efficient than the spherical geometry. The final

four concepts include:

1) a reinforced concrete (RIc) tank with steel dome above,

2) a RIc tank with a concrete dome above,

3) a steel cylinder with oblate spheroidal end caps and in

ternal fragment shield, and

4) a R!C cylinder with flat end caps and an internal fragment

shield.

Figures 5 - 9 illustrate these concepts. As noted earlier, the air blast

analysis was performed for direct loading to the structure from shock pulses

driven through air above. Also, as suggested earlier, the use of a suppres

sive-type shield would significantly reduce the shock loads transmitted to

the blast-resistant shell. The designs shown here have not been re£ined to

include these reduced loads. If further consideration of these concepts is

desired, then analysis should include this refinement. But, the basic con

clusions made from this study are not expected to change.

A comparison of the four concepts was made and is summarized in Table 1.

A cost comparison for "empty shell" structures (i. e., only the basic super

structure of walls, roo£, and foundation) indicated that either of the two

water tank designs was much less expensive than the air chambers. The same

conclusion was made for expendable material costs. Operational considerations

were also compared, and again the water tank concepts were rated superior.
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V. RECOMMENDATIONS

We strongly recommended that the water tank concepts be evaluated

further in detailed studies. Also, no mention has been made of the effect

of a "bubble curtain" (see Figure 4) on the demil detonation chamber design,

for the tank was designed without it. Further evaluation of this system

should be incorporated in future studies. Additional consideration of the

air-cylinder design and radii is necessary. Cycle times'for the detonation

chamber concepts need to be determined and modifications made accordingly.
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DESIGN OF THE ADVANCED HIGH KINETIC ENERGY LAUNCH SYSTEM

The Advanced High Kinetic Energy Launch System is to provide the

Ballistic Research Laboratory (BRL) a facility for the destructive

testing of U. S. and foreign munitions, up to and including 155 rom.

Munitions to be tested include kinetic energy projectiles (KE), advanced

chemical energy (CE), self-forging fragment (SFF) , and reactive armors

INTRODUCTION

ABSTRACT

W. V. Hill
Black & Veatch

Kansas City, Missouri

v
This report describes the design of a facility to provide for de

structive testing of U. S. and foreign munitions, up to and including

155 rom. The facility consists of a Range Tunnel designed to resist the

muzzle blast of an artillery weapon and a large steel dome structure

designed to contain the blast effects of 64 pounds of TNT.

t't

(RA) .

The facility consists of a Range Tunnel, 25 feet wide, 21 feet

3 inches high, and 280 feet long (See Figure 1). There is a suppressive

door at the entrance to the tunnel to trap missiles and fragments should

an accidental explosion occur in the tunnel. The Target Room is a steel

dome-shaped structure 60 feet in diameter, designed to contain the blast

effects of 64 pounds of TNT. The equipment door is 14 feet wide by

18 feet high. The Instrumentation Building is 16 feet by 33 feet and is

constructed of concrete block. The well provides 30 gallons per minute

of water for washdown of the Range Tunnel and Target Room. The Holding

Tank contains the contaminated washwater and the exhaust filter system

removes radioactive dust from the Target Room. Site work includes access

roads, parking area; electrical power service, area lighting, underground

telephone cable, and a cable trench from the Instrumentation Building to

an existing Control and Firing Building. At the present time, the

Preceding page blank 571



facility is under construction at Aberdeen Proving Ground, Maryland and

is scheduled to be completed early in 1983.

RANGE TUNNEL

The Range Tunnel is designed to resist the dynamic loads from the

muzzle bJast of an artillery weapon. The muzzle blast loads, at various

angles of incident, were provided by Dr. Charles Kingery of BRL. From

. the blast data received, we developed the idealized pressure-time curves

for an angle of incident of 0, 30, and 45 degrees. The idealized

pressure-time curves were developed by the use of methods given in

Reference No.1. The maximum load occurs at an angle of incident of 45

degrees where the peak reflected pressure is 57 psi, duration of the

positive phase is 4.5 milliseconds, and the positive reflective impulse

is 128 psi-milliseconds (see Figures 2 and 3).

The original criteria and concepts called for the Range Tunnel to

be constructed of existing armor plate. When the actual design of the

Advanced High Kinetic Energy Launch System started, the armor plate had

been used in another project. Both steel plate and reinforced concrete

were investigated for use in the construction of the Range Tunnel. The

reinforced concrete had the lower cost. An economic study on various

thicknesses of concrete and the amount of reinforcing required was also

made.

For the design of the Range Tunnel, we used a dynamic load factor

calculated using Reference 2. The design of the roof slab was then

checked by using the Acceleration-Pulse Extrapolation Method of Numerical

Integration given in Reference 3.

As you can see from Figure 4, for the roof slab design the values

for both the dynamic load factor method and numerical integration are

identical, except for the time of maximum deflection. The 6.30 ·milli

seconds was the increment of time nearest to the 6.21 milliseconds. The,
clear span of the walls are 16 feet and the roof slab spans 20 feet.

The elastic unit resistance is 73.0 psi for the walls and 46.7 psi for

the roof slab. The natural period of vibration for the walls is 11.9

milliseconds and 18.6 milliseconds for the roof slab. The dynamic load
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factor for the walls is 1.03 and for the roof slab 0.71 milliseconds.

The equivalent elastic deflection is 0.0503 inches and. O. 0785 inches.

The maximum deflection is 0.040 inches and 0.068 inches. The maximum

deflection occurs at 4.32 Jlilliseconds for the walls and 6.21 milli

seconds for the roof slab. Dividing the elastic deflection into the

maximum deflection gives a ductility ratio of 0.80 for the walls and 0.87

for the roof slab.

Using a thickness of 2 feet 6 inches, with No. 9's at 12 inches for

the positive reinforcing steel and No. II's at 12 inches for the negative

reinforcing bars proved to be the most economical section (see Figure 5).

Temperature reinforcing is No. 8 at 14 inches each face. The direct

tension bars are No. 10's at 12 inches and No.4 stirrups were used at

12 or 14 inches, as required. The reinforcement used was ASTM A61S,

Grade 60 except for the stirrups for which Grade 40 was used. Two

7/8-inch bolts were installed on the centerline of the roof for a future

S-ton monorail to be installed when funds become available.

TARGET ROOM

Figure 6 shows the floor plan of the Target Room. The structure is

designed for repeated blast loads of 64 pounds of TNT equivalency. Some

of the ammunition to be tested will contain heavy metal and it was

necessary to design the Target Room to contain the explosion, except for

leakage through the shot hole into the Range Tunnel and through the vents

into the filter system. On each side of the doors you can see the

structural tee stiffeners. The opening through the mat foundation in the

center is for placement of the targets.

The upper part of the Target Room is designed as a dome with a

radius of 29 feet 6 inches (see Figure 7). The dome is supported by a

ring beam constructed of one-inch plates. The lower portion of the

Target Room, below the ring beam, is a section of a cone. The diameter

of the top of the cone, where it is attached to the ring beam, is 46 feet

9 inches and the diameter of the base of the cone is 59 feet. The height

of the section of the cone, below the ring beam, is 18 feet one inch and

the rise of the dome is 11 feet 6 inches.
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The Target Room was designed by the trial-and-error method. We

'first assumed the structural members then we reviewed the structure to

determine the stress in the members. The blast loadings on the interior

of the Target Room from 64 pounds of TNT were also received from BRL.

From these, we developed the idealized pressure-time curve (see

Figure 8). The peak gas pressure is 15 psi. Even though there is some

decaying of the gas pressure, we assumed a zero rate of decay and con-

'-sidered the 15 psi gas pressure to be constant. The peak positive

reflected pressure was calculated to be 75 psi, giving a total peak

positive pressure of 90 psi. The positive reflected impulse is 60 psi

milliseconds and the duration of the positive phase is 1.6 milliseconds.

To obtain the natural period of vibration of the various members of

the Tar&et Room, we used a computer program called the "Finite Element

Method for the Dynamic Analysis of Structures Subject to any Dynamic

Loading" (Reference No.4).

The dynamic load factor was then calculated. For the gas pressure,

a dynamic load factor of 1 was used and the gas pressure was considered

constant. An equivalent static load was then calculated and STRUDL was

used to find the stresses in the various members (Reference 5).

For our first trial, we used vertical stiffeners between the ring

beam and foundation on 4-foot 2-inch centers coinpletely around the

-structure. The analysis showed that the side wall plates were carrying

the loads in ring tension and the stiffeners near the door were the only

ones being stressed. The next step was to keep eliminating stiffeners.

The final design has three stiffeners on each side of the equipment door

and one on each side of the personnel door (see Figure 6). Additional

steel plates were welded around the other openings. Everything was

designed with a ductility factor less than 1 so all elements would remain

in the elastic range.

Both the side walls and dome were constructed of one-inch plate.

For the dome and ring beam, we used ASTM A516 steel, Grade 70, which has

a minimum yield stress of 38, 000 psi, and using a dynamic increase

factor of 1.1 resulted in a dynamic yield stress of 41,800 psi. ASTM
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A516 steel was used for the dome because it is easy to shape and is

readily weldable. ASTM A572, Grade 60 is classified as a high strength,

low alloy structural steel and was used for its availability, high

strength, and weldability for the rest of the structure. The minimum

yield stress is 60,000 psi and it has a dynamic yield stress of 66,000

psi.

The maximum circumferential stress in the dome is 7,560 psi and the

maximum meridional stress is 9,050 psi (see Figure 9). The maximum

stress in the ring beam, which occurs at the equipment door jambs, is

16,800 psi. Using ASTM A516 steel the dynamic yield stress was 41,800

psi. For the side walls the maximum circumferential stress is 14,780 p~i

and the maximum meridional stress is 7,410 psi. The maximum stress was

in the door jambs which were subject to tension and bending in two

directions. The stress was 45,700 psi. The stress in the door

stiffeners along each side of the equipment door was 49,380 psi and the

maximum stress in the equipment door itself was 51,300 psi. For the side

walls, door jamb, door stiffeners, and door, the dynamic yield stress of

the steel used is 66,000 psi.

Some of the armor piercing ammunition to be tested contains heavy

metal which has a low grade of radioactivity. Upon striking the target,

the projectile explodes and the dust formed cannot be discharged into

the atmosphere. The air evacuation and filtration system consists of a

fan which pulls 24,000 cubic feet per minute of air through the suppres

sive door (see Figure 10).

The door is constructed of interlocking wide flange beams. This

allows air to pass through the door but will trap missiles and fragments

should an accidental explosion occur in the tunnel. Air is pulled from

the tunnel into the Target Room through the 36 inch diameter shot hole.

The contaminated air leaves the Target Room through two 36 inch diameter

ducts to the attenuators. The attenuators are used to protect the filters

from excessive blast pressures. The attenuators were existing and fur

nished by BRL. They are 10 feet in diameter and 50 feet long, made up

of one-inch plate. No attempt was made to determine how effective the
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attenuators will be in reducing the blast pressure to the filters. Three

'sets of filters are used in series: prefilters, secondary filters, and

high efficiency particulate air filters which have an efficiency of not

less than 99.99 percent when tested with 0.3 micron smoke.

The personnel door and the equipment door are sealed by using com

pressed air seals. Provisions have been made to wash down the dust that

gets into the Range Tunnel through the shot hole. Miscellaneous items

"in the Range Tunnel and Target Room include view ports for cameras and

lighting, tie downs for the weapon, unistruts for attaching equipment to

the walls, PA system, telephone, power receptacles, and lighting.
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DESIGN AND EVALUATION
OF .

DAMAGED WEAPON FACILITY

By

Norval Dobbs
Samuel Weissman

AMMANN & WHITNEY, CONSULTING ENGINEERS

and

Larry Skeen

MASON & HANGER, SILAS MASON COMPANY

ABSTRACT

As part of the overall -modernization of the Pantex Plant, Amarillo, Texas,
the Department of Energy/Mason & Hanger, Silas Mason Co. has engaged the
Joint Venture Firm of Gibbs & Hill/AlTmann & Whitney to design the new
"Production and Assembly Facilities". As part of this design, Ammann &
Whitney was required to develop and design a "near full containment"
structure titled "Damaged Weapon Facility". This facility will be used for
the inspection and disassembly of components which have been damaged by
accidental means.

Preceding page blank
589



DESIGN AND EVALUATION OF DAMAGED WEAPON FACILITY "

Introduction

The criteria for the Damaged Weapon Facility (hereafter referred to as

DWF) specified a Gravel Gertie type cell structure (Fig. 1) where venting

of an interior explosion would occur through gravel fill which, in turn,

would remove the radioactive material. However, due to operational

requirements, it was determined that an oversize Gravel Gertie of at least

43 feet in diameter would be required as compared to the 34-foot standard

Gravel Gertie cell which had previously been tested. Therefore, it would

have been necessary to perform full-scale tests to verify the design for a

large structure to meet the requirement for radioactive material capture.

ThUS, various other configurations were considered which Ultimately

resulted in the selection of a near full containment structural design as

described below. Because of the presence of radioactive material, in

combination with high explosives, containment type desigtl is required to

limit dispersion of the radioative material in the event of an accidental

HE detonation. In addition to describing methods of construction to attain

this containment, a comparison of design blast loads with blast loads

obtained from a set of 1/B-scale tests performed in conjunction with this

project is presented.

Description of Structure

The DWF consists of a main high bay area and adjoining staging area;

all within the containment area (Figs. 2, 3 and 4). The structure is a

near full containment design consisting of laced reinforced concrete walls,

roof and floor slab.

The adjoining area consists of two equipment rooms, six staging rooms,

and staging corridor. The equipment room contains air-handling equipment,

whereas the stagil)g area contains various inert components. The staging

corridor provides a means of access from the structure's entrance to the

high bay.

590



· - -~ .-- -- '-"~- ., - ~.- --.._- . .....:._- - .. -- ~~_ ..,"... _-
-~ ........ '-'.~~ -, -. - ...... _- ----- ... ~.~ -_ .. ~-_._~_._._~ ..---~~-~ ......

The ind i vidual concrete elements have been designed to limit their

support rotations to 2 degrees and thereby prevent throug~-cracking of the

elements. The thickness of the laced concrete roof of the high bay is

6' -0" and of the walls, 4' -6" i the exter ior and inter ior' walls of the

staging area are l' -6" and 2' -0", respecti velYi whereas the staging area

corridor roof is 3' -0" thick. All elements of the entrances are l' -0"

thick concrete.

An equipment air lock with two steel-plate, single-leaf interlocking

blast doors is provided. These doors have been provided with compressed

seals to prevent leakage of radioactive particles in the event of a

detonation within the cell. To obtain an effecti ve door seal, it was

necessary that the door bear against the structure along all of its sides.

To provide a bearing surface along the bottom edge of the equipment blast

door, three alternative concepts were considered:

1. A fixed step with a removable ramp.

2. A retractable step and

3. A recess in the floor slab.

The first concept was not considered acceptable for the rnovemel')t of items

into the structure. The second concept was determined to be unreliable

with regard to obtaining an effecti ve continuous seal. The third concept,

which was selected, is described below.

The equipment door closure is completely mechanized with electric

motors which operate the pins that secure the door, operate the screw jack

which raises the door out of the recess in the floor slab and operates the

door to swing open and closed. A hydraulic unit is used to provide the

necessary compression against the door seals.

Each personnel air lock blast door is a single leaf steel plate with

radiation blast seals. Each door swings outward to provide emergency
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egress in the event of· an accident. In order to provide bearing for the

seal along the bottom of each door, a 4-inch fixed step was provided at

each door. This requires that personnel step down when leaving the

structure. To provide this exterior swing of the personnel doors, each

door had to be designed to "hang" from the locking pins and, therefore I the

pins were designed to sustain the full impact of the interior blast. The

personnel doors are provided with hydraulic systems which operate the pins,

provide door seal compression and sw~ng the doors. The operating mechanism

of· each personnel door is designed to open and close for two-speed

conditions: normal speed of 30 seconds and emergency speed of 15 seconds.

Redundant power is supplied to each door from three sources: normal

commercial power, emergency generators and emergency batteries.

The high bay are~ is equipped with a 9-MEV Linac (X-ray machine) with

crane and hoist, and with a trolley and hoist to provide rrovement of

materials. Sufficient earth cover had to be placed over the structure to

attenuate to a safe level any radiation leakage from the Linac.

Air intake and exhaust equipment rooms are located at each end of the

staging corridor. The dehumidified air, which is supplied from the service

area outside the DWF, is supplied to air-handling units within the intake

equipment room. This air enters the DWF through a blast valve supply

chamber (Fig. 5) which is located on top of the equipment room. The

air-handling unit mixes the fresh dehumidified air with return air inside

the structure. Air exhaust is accomplished through equipment hoods which

are ducted to the exhaust equipment room. At this point, the exhaust air

passes through a two-stage HFPA filter before being discharged to the

atmosphere through a second blast valve housing above the exhaust equipment

room.

Both blast valves are dual-actuated (reroote pressure or blast). An

initial pressure rise within the high bay, where all hazardous operations

are performed, will be detected by pressure transducers which transmit an

electrical signal to the blast valve operator to close the blast valves.
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The valves will close in approximately 100 milliseconds after receiving the

signal. ~n the event that the blast wave reached the valves prior to their

closure, the blast pressures will assist in closing the valves. The valves

are designed to resist this impact.

Located above the roof of the vestibules is a post-accident, single

stage HfPA fi ltration system to filter any contaminants which may escape

past the blast doors. A fan connected to the emergency power source and

located on the roof will exhaust the contaminants through the filters.

This latter system is actually a redundant system to back up the blast door

seals.

In the event of a detonation, the interior of the DWF will be

pressurized. Relief of this pressure is accomplished through a pressure

relief pipe which is connected to each blast valve chamber. The pipe is

connected to a two-stage HFPA filtration system also located on the roof of

the vestibule. Manual valves are provided to control the release of the

internal pressure.

Design of Structure

The DWF was designed for an internal explosion of 423 pounds of

spherical PBX 9404. The charge is located as shown in figure 6 (liB-scale

m::>del of DWF) and with the center of charge positioned 3 feet above the

floor. The design criteria stated that a TNT equivalency equal to 1.3 be

used for PBX 9404. With this equivalent weight of explosi ve and the use of

a safety factor of 20 percent as defined in Reference 1, the total design

charge weight was equal to 660 pounds of TNT.

Methods for determining the blast loads in the high bay were available

(Ref. 1). However, there was no accurate means of predicting the blast

loads at different locations outside the high bay; therefore, a design

method was developed which involved the following steps:

1. The distance from the source of the explosion to the opening in

the high bay was added to half the distance from the opening to

the point in question outside the high bay. The one-half distance

was used to account for the two-dimensional expansion of the blast
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wave rather than the three-dimentional expansion for which the

curves in Reference 1 were developed.

2. The total distance obtained by Step 1 was divided by the cube root

of the equivalent charge weight.

3. The parameter calculated in Step 2 was used with Figure 4-12 of TM

5-1300 to determine the incident pressure, arrival time of the

incident wave, and the duration of the incident pressure.

4. The angle of incidence of the wave at the point in question was

determined geometrically and then used to determine the reflected

coefficient from Figure 4-6 of Reference 1.

5. The product of the reflection factor and the incident pressure was

used to obtain the reflected pressures, impulse and duration.

6. These reflected pressures were then averaged over a given area of

the element (roof, wall, etc.) in question to obtain the average

shock loads.

7. The gas pressures used were obtained from Figure 4-65 (Ref. 1)

using a volume corresponding to a portion of the structure volume

over which the shock loads were averaged.

'':0",

A typical average pressure-time history of the calculated blast loads

outside the high bay is shown in Figure 7. The initial peak pressure

represents the shock load, whereas the flat. portion of the loading

illustrates the pressures produced by the build-up of the gaseous products

and temperature rise produced by the confinement of the explosion.

Since the design blast loads outside the high bay were not well.

defined, a series of explosive tests were performed in a liB-scale model of

the DWF (Ref. 2). These tests, which are described in more detail in

an()ther paper presented at this seminar (Ref. 3), covered a wide range of

topics including:

1. Determination of blast loads
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2. TNT equivalency

3. Effects of charge shape, and

4. Effects of charge casing.

The results of these tests indicate that the design loads, as used, were

conservati ve and that the resistance of the building and, therefore, the

anount of steel and lor concrete thickness outside the high bay could be

reduced by 10 to 20 percent.

Figure 8 illustrates the comparison of the design blast loads to the

test results.

Colurm 2 lists· the blast loads used for the design of various areas of

the structure outside the high bay, whereas ColulTD"lS 3 through 6 list the

corresponding test results. Column 1 lists the points within the structure

at which the measurements were made. It may be noted that the charge

weights listed in Colurms 2 through 6 are liB-scale charge weights; e.g.,

1.289 pounds is liB-scale weight of 660 pounds.

It may be noted, from Figure 8, that the design shock pressures in

Area A (Fig. 6) are significantly higher than the shock pressures recorded

in the tests. This is probably due to the choking effects produced as the

blast wave passes through the relatively small opening between the high bay

and the staging area. However, except for the roof slab, the impulse

produced by these shock loads in the tests are closer in magnitude to those

used in the design. The magnitudes of the shock pressures 1n Area B (Fig.

6) are also similar to those used in the design. The latter 1s attributed

to the fact that the blast wave had roore area to expand in Area B and that

the magnitude of the shock loads were in the order of magnitude of those of

the gas pressures.

The magnitude of the gas pressures recorded in the tests using 1.289

pounds of TNT are in the order of magnitude of the gas pressures used for

the design of Area B. In the latter case, the entire volume of the

structure was used to calculate the gas pressure for the design (81 psi).

Therefore, it would appear that the volume of the entire structure should
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be used to calculate the gas pressure at all points within the structure

rather than the volume of indi vidual sectors of the structure. Another

significant aspect of the gas pressure is its relatively long rise time.

In all cases, except for the blast door and blast valve housing gas loads,

the rise time was in the order of 15 milliseconds which is equal to 120

mi lliseconds in the full-scale structure. This very long rise time tends

to produce a condi tion where the structure will not respond to the dynamic

effects of the blast loads and thereby produce a structural response which

is similar to that produced by a statically applied load.

The longer duration of the rise time of the gas pressures in the blast

valve housing is attributed to the choking effects produced by the

relatively small diameter (9- to 10-inch diameter) holes through which the

air passes from the equipment room to the blast valve housing. The shorter

rise time of the gas pressure acting on the blast door cannot be explained

at this time.

An examination of the test results using 1.289 pounds of TNT indicates

a higher gas pressure than that produced by an equal weight of PBX 9404.

This would seem to indicate that the TNT equi valency of PBX 9404 is less

than the 1.3 value used in the structure design. The results of other

tests using pentoli te also indicated a lower TNT equi valency for the gas

presslires.

On the other hand, the cased PBX 9404 having a weight equal to

0.992-pound produced gas pressures in the same order of magnitude as 1.289

pounds of TNT, thereby indicating a TNT equivalency of 1.3 for the cased

explosive. The values for 0.992 pound of uncased PBX 9404 are presented to

show the effects on the gas pressure produced by the casing.

Conclusions

The following conclusions are offered:

1. The blast loads used for the design of the portion of the DWF

outside the high bay area are conservative and therefore the

concrete thickness and/or reinforcement can be reduced 10 to 20

percent.
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2. The use of a TNT equi valency of 1.3 for uncased PBX 9404 is

conservative. However, it is probably not conservative when

casing effects are included.

3. Blast pressures produced by the blast waves passing through small

openings will significantly affect the magnitude of the shock

pressure as well as modify the pressure-time variation of both the

shock and gas pressures.
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DoD 5154.4S, "DoD Ammunition and Explosives Safety Standards,"

Chapter 13, Personnel Protection

R. A. Scott, PhD, FAle

DDESB, Alexandria, VA 22331

The Department of Defense Explosives Safety Board by 000 Directive

5154.4 is charged with protecting personnel from the hazards associated

with 000 ammunition and explosives. Chapter 13 of the subject standards

establishes blast, fragments, and thermal hazards protection principles

and applies to all operations/facilities where personnel are exposed to

ammunition/explosives hazards during industrial, processing, manufact-

uring, and more routine operations.

Chapter 13 directs that an assessment of risk shall be performed.

on all new or modified industrial operations/facilities involving

ammunition/explosives. Based upon this assessment, engineering design

criteria for the facility-operation will be developed for use in the

selection of appropriate equipment, shielding, engineering controls and

protective clothing for workers. The assessment should include such

factors as (1) initiation sensitivity; (2) quantity of materials; (3)

heat output; (4) rate of burning; (5) potential ignition sources; (6)

protection capabilities of shields, various types of clothing, and

fire systems; and (7) personnel exposure with special consideration given

to the respiratory and circulatory damage to be expected by inhalation of

hot vapors and the toxicological effects due to inhalation of combustion

product s.
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The exposures which are permissible are identified for each of

the three hazards. For example, workers must be provided protection

from potential blast overpressures, hazardous fragments, and thermal

effects, with applicable respiratory and circulatory hazards, when assess

ments performed in compliance with the hazard assessment indicate the

probability of accidental explosion producing overpressures, hazardous

fragments, and accidental flash fires producing thermal hazards are

above an acceptable risk level as determined on a case-by-case basis

by the DoD Component. Thus protection afforded at the nearest work

station must be capable of limiting incident blast overpressure to

2.3 psi, fragments to energies of less than 58 ft-lb, and thermal fluxes

to 0.3 calories per square centimeter per second. Shields complying

with ~IIL-STD-398 are acceptable protection.

Several protective measures may be used to assure that the

permissible exposures of personnel are not exceeded in one or more

of the following ways:

~ a. Elimination or positive control of ignition/initiation stimuli.

b. Sufficient distance or barricades to protect from blast and/or

fragments.

c. In those areas of facilities where exposed thermally energetic

materials are handled which have a high probability of ignition and a

large thermal output as indicated by hazard assessments performed, a

fire detection and extinguishing system which is sufficiently quick

acting and of adequate capacity to extinguish potential flash fires

in their incipient stage will protect both workers and property. Design

and installation of the system must maximize speed of detection and

application of the extinguishing agent.
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d. In ammunition operational areas where it is essential for workers

to be present, and the hazard assessment indicates an in-process thermal

hazard exists, use of thermal shielding between the thermal source and

the worker is an acceptable means of protection. If shields are used,

they should comply with MIL-STD-398. If shielding is not possible, or

if that provided is inadequate for protection of exposed personnel

including their respiratory and circulatory systems, augmentation with

improved facility engineering design, personnel protective clothing and

equipment may be necessary.

e. Thermal protective clothing must be capable of limiting bodily

injury to first degree burns (0.3 calories per square centimeter per

second with personnel taking turning evasive action) when the maximum

quantity of combustible material used in the operation is ignited.

f. Protective clothing selected must be capable of providing

respiratory protection from the inhalation of hot vapors and toxicological

effects when the hazard assessment indicates adverse effects would be

encountered from the inhalation of combustion products.
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ABSTRACT

The initial phase of work has been completed toward development of a standard
test procedure to characterize the fire hazards of Class 103 and 1.4 munitions
items, that is items that are primarily a fire hazard. Preliminary experiments
considered fire damage or spread of fire to occur by radiant heat transfer from

the flame or fireball, by direct flame impingement, or by firebrands (hot or
burning objects). A "fast" burning propellant (a ball powder), a "slow" burning

propellant (Ml), an incendiary (ALA1? candles), and 2.75 inch rocket motors were
used to identify the dominant phenomena and scaling relations, and to select the

most promising instrumentation. Subsequent work will emphasize larger sample
sizes to validate scaling relations and identify criteria for minimum realistic

test sizeu

i:;
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1. BACKGROUND

Munitions items and materials in Hazards Classes 1.3 and 1.4 present
mainly a fire hazard in storage and transport. Currently safety distance

standards for these materials are based on wl / 3 (weight to the 1/3 power)
scaling. wl / 3 scaling is appropriate for airblast pheomena~ such as for
Class 1

0
1 materials, and perhaps for a narrow set of fire hazards (i.e.those

due to the explosive fireball). However, the overall fire hazard is complex,
including "fireball" bursts as well as sustained flames, in both cases possibly

propelling firebrands and debris to large distances. Munitions fires can
occur in the open or inside storage structures. For most of these fire hazards,

other scaling relations are more appropriate, and safe separation standards
should be based on these more realistic scaling relations.

2. OVERALL DDESB PROG~' FOR FIRE HAZARDS FROM COMBUSTIBLE AMMUNITION

In 1979, The DOD Explosives Safety Board initiated a five phase program
to investigate fire hazards associated with combustible ammunition (materials
in hazard divisions 1.3 and 1.4) and ultimately develop standard ~ests and ra
tional safety distance standards to realistically characterize those hazards.
The first phase of the program, Methodology Development, has been completed (Ref. 1).
The objectives of that program were to develop an understanding of the phenomena
that constitute the overall fire hazard, determine the appropriate scaling rela
tions for these phenomena, and to evaluate experimental methods and instrumenta-
tion techniques required to characterize the hazards. During Phase 1, the most
promising scaling and measuring techniques were identified and evaluated experi
menta llyo

Emphasis in Phase 2 (to begin shortly) will be on size and configuration

effects. During Phase 1 stacks of 8 or 12 boxes of munitions items were burned
out in the open (essentially unconfined)o During phase 2, larger stacks (perhaps

up to 30 boxes -- "intermediate scale") will be burned in the open, as \-/ell as
inside enclosures of several sizes. A plan for "1 arge scale" testing is to be
developed during Phase 2. Such "1 arge scale" testing must be completed before
the Safe Separation Standards and Classification Test methods can be finalized.

liT RESEARCH INSTITUTE

613



Phase 3 is to consider the vulnerability of exposed targets to the differ-
.;J',~

ent fire effects. Primarily, consideration will be given to radiant flux, total
heat radiated, and firebrands of different types. Prolonged direct flame im
pingement may not exceed critical levels. Targets of concern may include exposed
energetic materials (propellants, explosives, pyrotechnics, etco)o, munitions

I items, materials of construction, nearhy structures, persons, natural ground
cover (eg, dry grass), vehicles, fuel tanks, etco The vulnerability of targets
of concern will define the criteria needed for developing safe separation stan

dards.

Phase 4 is the development of safety distance standards, From Phases
and 2 the dominant phenomena, controlling parameters, and scaling relations
will have been dp.termined and verifiedo From Phase 3, the target vulnera-

bility criteria will have been established. Under Phase 4, these basic building
blocks will be combined to structure the safe separation distance standards.

The only missing element required to realistically characterize the fire
hazards of combustible ammunition is a standard test for the Class 1.3 and 1.4
materials o The standard test must provide the parameter values that are needed
to go into the safe separation distance tables or relations to establish the
separation distance required. The tests must be realistic and practical to per
form. This implies in part that the minimum quantity that realistically charac
terizes the hazard must be identified.

3. PHASE 1 RESULTS

The initial step of Phase 1 was to identify (from the literature) or develop
. scaling models for evaluating experimental results for free standing flames and
fireballs, enclosure fires (i.e. storage facilities), and firebrand lofting. Flame
characteristics of interest included the heat flux emitted from the flame and the
fl arne geometry.

liT RESEARCH INSTITUTE
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In addition to investigating the theoretical basis for scaling, the perti
nent instrumentation techniques were surveyed and sumrnarized o Instrumentation of

interest included devices for measuring radiated heat flux, flame temperature, gas
velocity, firebrand trajectories, and firebrand ignition potentiaL In each case,
the most promising techniques were selected for experimental evaluation. In the

case of ignition by firebrands, two experimental studies were completedo The first
study was to determine the abilities of various types of firebrands to ignite host

(target) materials characteristic of ureal world" combustibles that could be ex
posed to such firebrands. A black powder layer was chosen as representative of a
bare propellant in a storage or process facilityo Wood and asphalt shingles were
taken to represent roofing. Cardboard was tested because many materials are
stored in~cardboard containers. Canvas and plastic tarpaulins were ev~luated. A
typical vinyl covered seat cushion was tested, and dry timothy hay was taken as

representative of a fie]d of dry grass. The firebrands included the following:

• Smoldering cardboard
• NFPA "C" brand to represent smoldering wood
• An M30 pellet ignited while in contact with the host
• Solid copper cylinder heated to specified temperatures

• Hollow steel tube heated to specified temperatures
The results of this ignition study are summarized in Table 10 This study indicated

the ignition potential for the range of firebrand types. To determine the ignition
potenti~l and lateral trajectory range of firebrands produced during field tests,

several candidate catcher materials were evaluated. These are shown in Table 2. The

most promising system was found to be a slab of pol;urethane f6am painted with an in
tumescent paint, For weak firebrands, the burn pattern on the painted surface was
indicative of the brand type and intensity. For strong firebrands, the pain~ed

surface was penetrated. A hole was volatilized in the foam and the hole size was

indicative of the brand's intensity.

For the remainder of the test program, four sample materials we.~ selected.
These were Ml propellant, Western Cartridge 844 (a ball powder), 2075 inch rocket
motors, and ALA 17 candles (an incendiary). These materials were tested both in

their shipping containers and removed from the containers.

liT RESEARCH INSTITUTE
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TABLE 1
EQUIVALENCY OF FIREBRAND IGNITION POTENTIAL

Firebrand

Host Solid 1/2 inch
Material Cardboard C-Brand M30 Pellets Copper Pipe

Black Ignites Ignites Ignites 471°C 579°C
Powder (P-O.5) (P-O.5)

loJood P-O.8 P>0.5 No 760°C- 954°C
Shin~le Ignition 954°C (smolder

(flame P=O.5)
P=O.5)

Cardboard Ignites P>O.8 P-O.8 Between Between
53SoC 53SoC

and 649°C and 649°C
(P=O.5) (P=O.5)

Asphalt No No Between
Shingle Ignition Ignition 760°C

and 982°C
(P=0.5)

Canvas Ignites P>O.7 P-O.4 649°C 649°C
Tarpaulin (smolder) (P=O.83) (P=O.5

smolder)
760°C

(P=l flame)

Plastic No P=O.8 No at 871 °c
Tarpaulin Ignition (smolder) Ignition No

P=O.6 Ignition
(flame)

Dry Hay Ignites Ignites Ignites 538°C 954°C
(P=O.6 (P=l smolder)

smolder) and (P=O.8
649°C' flame)

(P=O.2
flame)

J

982°CSeat No Ignites No 649°C at
Cushion Ignition Ignition and 760°C No

(P=O.4 Ignition
smolder)

616



- . . . .
.........t' ~..:......_ '. ~4'.~ ::-" ~ .~-'-_ ..I ~'O-:_ ,_ ,_--...:...:......---..:;~..:.:......'~.__ ••.,_~ _.__ _ _.•. L .. _, ..,.__:_. _~~ _A' ho'" .~. __ -'--.- _,.:.._ ,~.".. ._ : '~_'L"" * !-. _ .:.J. _::.."": '

617



Seven series of tests were conducted. The first test series was to screen
the different instrumentation options so that the most promising could be selected

for later tests. The second series was to determine how to safely test the 2.75
inch rocket motors. It was determined that the rocket motors would not self-propel
themselves very far; and outdoor testing was found to be suitable. The third

,test series invo~ved single packages (boxes) of each of the sample munitions items.
The packages were exposed to a liquid hydrocarbon pool fire on one side, Typically,
it would require a significant portion of an hour before the fire penetrated the
packaging, and a fireball would resulto Test series 4 involved stacks of several

boxes to simulate realistic storage or transport configurations. With the Ml,
the Western Cartridge 844, and the rocket motors, the individual boxes usually
reacted independently with long periods of time between events. The individual
events were quite similar to the single box tests. With the incendiary, the

stack of boxes burned significantly different from the single box. The single
box produced individual flares "dancing around" on the ground or shooting like
rockets into the airo The multiple boxes of flares produced individual flare
burns as well as periods of a sustained churning white ball of fire spewing
hot brands appearing like snow o

Test series 5 consisted of burning piles of bare propellant in the open,

and test series 6 consisted of burning these materials inside of a small
enclosure, simulating a storage structure. Both were idealized tests to evalu
ate scaling relations. Fjnally, test series 7 involved burning propellant in

side of its storage container with the top removed, These seven types' of tests
provided a good overview of the different ways that the four sample materials

can burn.

Figure 1 shows the range of heat fluxes (all scaled to 10 meters from the
source) produced by each of the sample materials in the single and multiple
box configurations. Figure 2 shows a similar comparison of firebrand travel dis

tances observed in the tests J

Based on the Phase 1 program, much was learned that can be applied to the
development of a standardized classification test for characterizing the fire
hazards of combustible munitions. The burning behavior of the materials is
better understood, therefore more realistic quantity-distance standards can be
developed.

lIT RESEARCH INSTITUTE
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In addition, the results of Phase 1 clarified exactly what type of tests
must be conducted during Phase 2 in order to verify scaling techniques for free

air and enclosure fires.

liT RESEARCH INSTITUTE
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4, PHASE 2 REQUIREMENTS

The results of the Phase 1 investigations indicate that for some Hazard
Division 1,3 and 1.4 materials, eDge boxed bare propellants, the burning behavior
of the individual box may be an adequate characterization of a large stack burning
in the open. With other materials, eDge ALA 17 candles, significant transition
in burning behavior was observed as the stack size increased, even for the small
scale tests conducted. Thus, one objective of Phase 2 will be to further verify
that the individual box is indeed representative of large stacks burning in the
open for the propellants. 1f this is the case, a small stack of boxes, or per
haps one box, will be an adequate quantity for the standard test for this sub
category of materials, For materials like the ALA 17 candle, at least a small
stack is required (based on the Phase 1 results), In Phase 2, further transitions
in behavior will be sought as the stack size is increased in an effort to identify
a criteria for selecting the minimum allowable stack size for testing of materials
in this subcategory.

During Phase 1, realistic size enclosure fires were not investigated. A 55
gallon dr~m was used as a model enclosure. Bare propellant was placed inside the
enclosure and burned, A"tongue of flame was observed to emerge o~t of an opening
at one end of the drum and an attempt was made to identify the scaling relations
and parameters that characterize this flame, For real items. such as the stacks
of boxes. the question remains as to how the fire will progress inside the enclo
sure. In the open, the boxes generally burned independently --- individual fire-

- ball bursts dying as a sustained fire column in each case, In an enclosure signi
ficant interaction between boxes is anticipated, In recent British tests, boxes
of propellant were burned inside such an enclosure and a long tongue of flame was
seen to emerge from the enclosures open doorway" These test results were appar
ently quite similar to the 55 gallon drum results conducted by IITRI. Based on
those results, the open air burns of stacked boxes will not characterize enclosure

fires. Will 55 gallon drum scale tests adeauate1v characterize these fires, or
will a more realistic looking larger scale test involving actual packages be
required? Answering these questions should be the essence of much of the Phase 2
work.

liT RESEARCH INSTITUTE
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Thus. for both the open air and enclosure cases an experimental parametric

sensitivity study will be required. The major variables should include stack

size, stack arrangement, ignition type. and ignition location. The major

objectives should be to verify scaling relations and to determine the minimum

stack size that will realistically characterize the fire behavior of the

. materials.

Two additional questions still remain to be answered under Phase 2. First.

a great many materials and packaging arrangements are included in HD 1.3 and

1.4. The variety of items and packaging materials is summarized in Table 3.

Under Phase 1 only four materials were evaluated:

Ml Propell ant
Western Cartridge 844 (WC844-a ball powder)
2.75 inch Rocket Motors
ALA lZ Candles (an incendiary)

These materials were selected to represent the range of items in HD 1.3 and 1.4.

Unfortunately. only four materials could not possibly represent ali the possible
variations that exist in these categories. Therefore, one additional material

(a smoke producing material such as white phosphorous) has been added to the

list of sample materials during Phase 2. Small scale (Phase 1 type) to inter

mediate scale tests will be accompiished on this new material.

Second, the question remains as to the degree of confinement afforded
by a typical unstrengthened above ground storage structure. Wili such a

structure act more like an igloo, containing the reaction and producing a

tongue of flame that extends out of an open doorway or window, or will it

provide negligible confinement resulting in essentially a free air burn of

the munitions? An analysis is to be conducted to evaluate this problem and
clarify which phenomena are more appropriate for characterizing the'unstrength

ened storage structure situation.

5. SUMMARY

A five phase program is being conducted by the Department of Defense

Explosive Safety Board leading to revised safety distance standards and

testing for Class 1.3 and 1.4 materials. The first phase of work has been

liT RESEARCH INSTITUTE
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TABLE 3
TYPICAL CLASS 1.3 AND 1.4

MUNITIONS ITEMS AND PACKAGING MATERIALS

Munitions Items*

Propellants (solid, powder, grains/pellets)
Incendiaries
Fireworks
Cartridges

Blasting Caps
Primers
Bombs
Cord/Cable

Fuses
Flares
Grenades
Rockets/Rocket Motors

Squibs
Tracers
Contrivances
Some Explosive Devices

Packaging Materials

Paper Bags
Kraft Paper
Plastic Bags
Fiberboard Boxes

Natural Wood
Rubberized Textile
Rubber
Sawdust

t~ood Vaal
Textile
Aluminum
Steel
Glass

* Some of the types of items listed may also be in other
classes.
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completed. During that program, scaling relations were evaluated. Primarily,
instrumentation methods were scrutinized and the controlling phenomena were

identified. It presently appears that a classification test procedure should
evaluate stacks of boxes burning in the open, as well as enclosure fires (i.e.

at least 2 tests are needed). Based on the results of the Phase 1 program,
the essential features required in subsequent phases of work have been identified.

liT RESEARCH INSTITUTE
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1. INTRODUCTION

Over a period of several years, SNPE has conducted tests

using various, sometimes large quantities of hunting gunpowder

and propellan~s.

These tests are designed to determine the effects on the

environment of accidental ignition during the handling

or storage of the materials concerned.

The hundred or so tests, performed on quantities ranging

from a few kilograms to several dozen tons, served to

determine empirical laws through systematic processing of

the results, in order to predict the duration of combustion,

the size of the fireball, and the heat flux emitted.
,t;;

By means of a technical approach, these laws, associated

with the data in the literature on human tolerance to heat

flux, make it possible to define hazardous areas.

Before presentincr these laws and offering an example of

their applicatlon (related to french regulations), we

shall first describe one of the many experiments involVing

large amounts of explosives.

2. EXAMPLE OF A TEST ON LARGE QUANTITIES Of MATERIAL

'This test was designed to assess the behaviour of a storage

bUilding using a hunting gunpowder, and to determine the

fireball produced.

This so-called "Captieux type magazlne" was described in

detail at the 17th seminar on safety of

~essr5. Roure and Fontaine. The figure

the main characteristics of this type of
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A standard stora~e configuration was reproduced for the

test: the bUilding was subdivided into 14 blocks each

containing 72 drums. Since the capacity of each cardboard

drum was 15 kg of powder, the buildina contained 15,120 kg

of hunting powder.

Initiation was caused by the ignition - using hot wires 

of 150 kg of powder spread on the ground around a central

block. (Figure [II) ).

The film which we shall now see offers an idea of the

progress of the fire and its consequences on the bUilding

(NOTE: the building had been used in a previous test, and

the film shows the absence of a few roof tiles before the

fire set in the experiment described here).

Heat flux measurements were taken close to the building

to determine the flow around the fireball. Asymptotic

H? Cal Engineering calorimeters were employed.

The graph below t figure [IlrJ ) shows the heat flux recording at

,0 m facing the building, as a function of time.

Immediately after ignition, the combustion of 150 kg of

bulk powder used to set the fire can be observed. This

combustion reaches a peak in 3 seconds, and the heat flux at

20 m is 8 W/cm'. The flux then becomes practically nill

until the 85th second, when the whole building catches

fire, the recorder is saturated but the maximqm flux can be

estimated at 50 W!cm' at 20 m (obtained 10 seconds after the

start of the overall fire). Combustion lasts less than

one minute, and is followed by a residual combustion

(combustion of cardboard packinqs).

The depth of the flame front during total combustion is a

maximum of 30 m at the facade. (This distance was minimized

by a 5 m!s side wind, which caused the vegetation to burn
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over a lateral distance of 200 metres). At the rear of the

bUilding, after projection of roof slabs, the flame front

also reached 30 metres. (Figure [IVJ).

3. EMPIRICAL FORECASTING EQUATIONS

These equations were obtained from the measurements and

observations noted during about 100 tests.

They were established by a non-linear regression method.

3.1. Radius of the fireball

If the shape of the container does not cause any particular

orientation of the flames, the fireball radius can be

estimated by the equation:

This equation is valid for M < 10,000 kq.

3.2. Combustion time

The equation is not uniform over the entire weight ranqe.

M < 800 kg t 1 = 3.225 . MO. 126

800 kg < M < 40,000 kq

3.3. Radiant flux

It Q dM
4n- c . t . p:r dt
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where:

~ flux density in W/cm'

k unit conversion factor

c energy conversion factor (reflecting the part of the

ener9Y available which 1s emitted in the form of

radiant fluyl

t heat transfer coefficient (reflects the part of the

radiant flux e~itted which is effectively received at

distance R)

Q potential of the gonpowder (cal/gl.

This is a simple way of expressing the eneray available

in the burninq material.

R distance (m)

d~ combustion flow rate per unit mass
dt

The factors c and t are associated with the materials and

the fire conditions.

As a first approximation, and based on the assumptions used,

the folLowing mean values can be taken for the product c.t.

(values obtained empirically):

c.t.
1
3 if the product is in bulk or in a container

offerinq little fire resistance [4~

1 1
10 < ct < 3 if the pro~uct ~s in containers offer ina

substantial fire resistance [4bJ -

These empirical equations provide a technical approach to

the forecastin0 of danger zones in case of fire.
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However, French regulations allow these zones to be calculated

p,rincipallyon the basis of material weight. Before using
an example to compare the technical approach and the regula

tory approach, it is essential to summarize the French

regulations governing heat flux hazardous area calculation.

4. REVIEW OF FRENCH REGULATIONS

Materials or objects incurring a fire hazard are divided into

two groups:
one includes materials and objects which burn with the

generation of considerable heat radiation (1.3.al;

the second group includes materials and objects which

burn fairly slowly, or in succession 11.3.bJ.

For each of these subdivisions, the boundaries of the danger
zones are defined in principle on the basis of the weight

involved, according to the following table:

I
DANGER zan:

1
1.J.a. I .3.0.

ZI

(lDOrToal injury in IIIOre o II) 1/3
than 50' of cases) 0<__ , \(1.5 P'! 0< R

T
~ 1.5 ~

Z2
(grave iiljury that lIIaY _ T/l

<R
2
~ 2 1'1

1
/

3
be lIlOrtal)· (R

2
,( J.:> 1'1

ZJ II.:! 1/3
(injuries) <R) ~ 5 1'1 . (R

3
,<2.S 1'1

Z4
(possibility of injury)

<. R4 ~ 6.. 5 I'l
l
IJ <R4~3 .251'1 ' /

3

M Weight uf explnsible sub.stance in kilograms.

R distance or the boundaries of hazardous areas, in meters.

TABLE 1 FRENCH REGULATION.
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Moreover, the same regulations provide a definition of

danger zones using the concept of heat flux.

zone Z1 corresponds to a

zone Z2 corresponds to a

flux above 1.5 W/cm'

flux above 0.6 W/cm'

This definition allows an initial technical approach if

the flux measurements are k.nown.

S. PRACTICAL PROCEDURE FOR THE APPROXIMATE PREDICTION

OF DANGER ZONES CREATED BY HEAT FLUX.

Only the general case of non-directional combustion is dealt

with here, for which the propagation of the radiant fluy is

not affected by any obstacle.

a) Input data: weight of materia!

potential.

b) Calculation of combustion time by equation 2 or 3.

c) Findina on curve [ ~) the flux which, for exposure times

calculated in bl, cause first, second or third degree burns

(NOTE: this curves are a compilation of the work of D.E.

Jarret and K. Buettner, and of the recommendations of

MIL STD 398 dated 5 ~ovember 1976, and does not

account for burns by direct contact with the flames)

d) Use of equation [q] to calculate the dlstances at wnich

these critical nux are received.

6. SAMPLE FORECAST

To illustrate. the procedure just described, the follOWing table

aives a comp3ralson between the danger zones calculated in

accordance with French regulations and those whic~ were

estlmated by our technical approach, in the case of the

combustion of 15,120 kg of huntlng ~owder (potential 1000

ca 1 "')
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Requlatory approac!' Technical

Zl 61.8 I
!
I

z2 86,S 90 I,
Z3 123,6 110 I,
Z4 160.7 180 I

RADIUS (m) OF HAZARDOUS AREAS.

This example reveals acceptable aqreement between the two

approaches.

7. CONCLUSION

The many experiments conducted by SNPE helped to derive

empirical equations to predict fireball sizes, combustion

times and the radiant flux received.

In simple cases. these empirical equations allow a very

rapid calculation of the danger zones. To deal with more

complex cases. these empirical equations offer input data

for computer programs, which must also account for the

.rate of expansion of the fireball, the role of shields

and openings, and even the possibilities of operator flight.
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SUMNARY

Quantity-Distances for HD 1.3 explosives, particularly bulk ~un

propellants, are considered to be less soundly based than for HD 1.1 (mass
exploding) and HD 1.2 explosives. Blast effects and projection ha7,ards
have been extensively studied and are comparatively well understood. The
behaviour in a fire of bulk stocks, or loads, of HD 1.3 explosives depends
primarily on the strength of the confining structure. Tests on tonnage
quantities of boxed gun propellants in representative structures are
reported. The unexpectedly energetic behaviour dispiayed indicates that
existing Q-Ds for HD 1.3 explosives may give inadequate levels of
protection. The orientation of entrances to propellant mngazines may be
a crucial element in the protection against communication between magaziaes
and process buildings.

INTRODUCTION

The study of the effects of an incident involving explosives (used
here in the widest sense to include ammunition, pyrotechnics and
propellants), was naturally concentrated on those showing the most wide
spread damage and injury potential, i.e. those which mass explode. These
explosives, classified using the international scheme as Hazard Division
(HD) 1.1, produce a blast wave capable of damaging or destroying structures
at a distance. The blast wave parameters are fairly consistent and mathe
matical relationships, which predict the range at which a particular degree
of structural damage is to be expected from a known quantity of explosives,
i.e. Q-Ds, are almost universally accepted. Licensing of explosives
holdings simply requires a decision as to what is an acceptable degree of
damage and hazard. In the writer's opinion this concept of relating the
radius for a certain degree of (acceptable) hazard to the explosive
quantity by a simple mathematical relationship is justified only when blast
is the predominating effect producing the hazard. This implies that it is
essentially wrong in principle for other than HD 1.1 mass exploding
expiosives.

Projections, both primary and secondary, from buildings etc surrounding
the explosives, often accompany blast effects from a mass explosion.
Although the range of lethal projections may extend as far as a damaging
blast wave, the projection hazard is typically not the controlling factor
at the IBD from larger quantities of explosives. For HD 1.2 explosives,
which display negligible blast effects, the projection hazard is the
predominant effect. The radius to a certain degree of acceptable hazard
depends essentially on the particular design of explosive article concerned
(in the military field typically HE gun ammunition not exceeding 100mm
dalibre). It must be borne in mind that the range of effects is not

f;44



r.:

significantly increased when the quantity is increased, since the articles
renct individually. A typical incident would begin as, or soon result in,
a fire in a ammunition store or vehicle and continue possibly for hours in
the absence of fire fighting action. This extended duration would allow
spontaneous evacuation of personnel not seriously injured in the initial
event. Both NATO and UKIMOD specify the distance function:-

D = 68 QO.18 in metres and kg

for the haz~dous types of HD 1.2 explosives with a m1n1mum of 270 m
(900 ft). lIn the writer's opinion this almost negilgible factor of 0.18
is a sop to-the gut feeling that if 2 tonnes of ammunition requires a
"safe distance" of say 270 m then 20 tonnes must need more - why not 400m?7
It is noted that un DOD in Interim Change 1 to Table 5 of DOD 5154 simply
specifies fixed distances for particular types of HD 1.2 explosives irres
pective of quantity. Although historically less interest has been shown
in the investigation of projection hazards than of blast, recently more
attention has been given to the study and measurement of projections. A
joint Australian/UK series of tests ·whose results are currently being
analysed is merely the latest effort in this field.

Flame is produced when almost all explosives function. In a mass
detonation the visible flame is very quickly extinguished and normally is
not so effective as blast and projections in causing damage at a particular
distance. Since HD 1.2 items react individually the flame produced is
typically even less significant than for HD 1.1 explosives. By contrast
HD 1.3 explosives display heat and flame as the predominant effect.

. In, contrast with the blast and projection effects typical of HI> 1.1 and
HD 1.?- explosives, the firey hehaviour' of HD 1.3 explosives has hardly been
studied at all. This in spite of the lar~e quantities of propellants which
are used, particularly in military ammunition. It is by no means only for
KE weapons that propellants are the predominant type of ener~etic material
present. Again it is often overlooked that Nitrocellulose (NC) and
Nitroglycerine (NG), traditionally used in propellant formulations, have a
higher energy content per Ib than almost all other High Explosives.

It is well known that the energy in the propellant can be harmlessly
dissipated by burnins when unconfined. It appears to have been tacitly
Rssumed that the behaviour of bulk boxed propellant, if involved in a fire,
will invariably approximate to that of an unconfined fire. SUbsequent to
the 1939-1945 War, ESTC revised the UK regulations, including Quantity
Distances, concerning the storage of propellants. During consideration of
the matter it became apparent that then current Q-Ds were not based on
reliable experimental evidence. The opportunity presented by the need
to dispose of war surplus propellant in West Germany led to the controlled
burning of up to 175,000 lb (800,00 kg) stacks at DUNE. It was then
decided that more closely controlled tests should be carried out in UK
and, after some simple preliminary trials a planned series of trials was
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initiated involvinf, strtcks of propellant up to 40,000 Ib (18,000 kg)
in mass in the open air.

TRIALS CARRIED OUT 1948-1949 (Ref.4)

A pro~rrtrnme of trials was carried out involving wire cages to hold
bare 'cordite' propellant in an approximate cubic heap. It was found
that central ignition of the stack gave a faster development of maximum
burn than peripheral ignition. The maximum flame radius at ground level
with central i~ition could be represented by the formula:-

R (ft ) = 1.04 WO. 41
j. (W in lb)

or R (m) = 0.45 QO.4L, (Q in kg)

A F;implified formula waF; proposed:-

. ,
F (ft ) O.h w'; (W in lb)=

1

or R (m) = 0.27 Q2 (Q in kg).

Both formulaF; p,ivin~ the same distance of 25 m for 8500 kg (80 ft for
19,0001b).

N.B. The influence of the wind hns been ir,nored. It is known that wind
velOcities less than 10 ft/sec (3 m/sec) can significantly move the fire
ball down wind from the propellant heap.

T1UALS CARRIED OUT 1958 (Ref .5)

A further series of trials were carried out using similar wire caees
to restrain the bare cordite propellant. Essentially these were a
repetition of the previous trials with, however, some sophisticated
recordinr equipment includin~ thermal dosage meters. It was determined
that the maximum flame radius of the fire ball (irrespective of height)
could be represented by the formulea:-

R (ft ) = 7.4 WO. 28 (W in lb)

or R (m) = 2.8 QO.28 (Q in kg)

For 8500 kg this is 36 m (116 ft for 19.000 lb) •

Again the influence of the wind is ignored.
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PRACTICAL CONSIDERATIONS

The implied assumption that propellant is stored and carried
effectively in an unconfined state is crucial. Since it is known that
the burning rate of propellant is markedly increased (by a factor
exceeding 103) when greatly confined in a gun breech or a rocket motor
it is surprising that no effort seems to have been made to allow for
the effect on the burning rate of propellant by a structure which would
provide limited confinement. Such a structure could be a brick or
cqncrete walled storehouse with a concrete roof of say 6 inches (150 mm)
thickness. In the UK such construction is widely used for stores and
process buildings. A process building would be provided with windows
but a typical storehouse would be without. The internal pressure required
to lift such a roof, not tied down . the walls, would be about 0.5 psi.
It may be taken for granted that the weakest part of the structure would
be the door(s) and that they would be forced open if propellant within took
fire. This would allow some venting of combustion products from the
propellant and it appears to have been assumed that such venting would
effectively restrict the propellant burn rate to an acceptable degree,
presumably dependant on the thermal protection afforded by the packages.

RECENT TRIALS OF BOXED GUN PROPELLANT (Refs. 7 & 8 )

Between 1973-75 trials were carried out in the UK to compare the
resistance to theEPread of fire within a stack of boxed gun propellant.
Boxes constructed of fibreboard were compared with reuseable C128 wooden
boxes traditionally used to carry propellant in the UK by MOD. Rather
surprisingly it was found that there was some difficulty in ensuring
communication of fire from one box of propellant to adjacent boxes in
rou~h stack. The trials were carried out in the open and even slight
seriously affected the impingement of the flames onto adjacent boxes.
details of the flame geometry from the ignited box was found to be
significant. The propellant in the strong wooden boxes was found to
communicate more quickly when the boxes were neatly stacked on pallets
th~n the lighter fibreboard boxes which were effectively airtight. On a
pallet the precision made wooden boxes were quite accurately aligned
with other boxes in the same layer. These boxes were fitted with a simple
clipped on lid overlapping the ends and sides. On ignitine the propellant
in one box the pressure within lifted the lid slightly without dislodging
it and a laminar flame issued exactly aligned to play on the join between
the next box and its lid. The result was a very fast communication of the
fire to all boxes in a particular layer. Communication of fire between
boxes on other layers took much loneer and often the propellant was
extinp,uished before layer to layer communication occurred. Communication
between the fibreboard boxes proceeded by means of fire penetration of
the.box material itself. Although it took longer for the box to box
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communication to occur it eventually encompnssed all of the fibreboard
boxes on a pallet, or,palleta, provided these were touchin~ or
close to~ether. ~. .

IARGE SCALE TRIALS OF BOXED GUN PROPELLANT (Ref. 9)

It WAS decided to investi~ate the rate of spread of fire alone n row
of pallets of boxed propellant within a representative buildin~. A survey
of maBazinc~ showed that a volumetric loading den~ity of approx. 4 lb
propellant per cubic foot was typical (64 kg m-3). The typical pallet was
approximately a 4 ft (1.2 m) cube and, I>,hen carryinp; propellant in fibre
board boxe~, held approximately 1000 lb (450 kg) net. A long room was
constructed of large concrete ('Pendine') blocks having a height and
internal width both of 8 ft (2.4 m). The length war, just in exces~ of
40 ft (12 m) with one end dosed, and the other beine completely free.
The roof was formed of. steel plates about t inch (18 mm) thick and 12 feet
(3.6 m) long butted together Rnd set across the room width. It was
realised the 'doorway' was an unrealistically large venting area for such
a storehouse of volume of 2560 ft 3 (77 m3). Ten pallets were placed along
the axis of the room and touching as would be a typical stack in a magazine.
The ten pallets held approximately 10,000 lb (4,500 kg) in total of
propellant. The blocks formin~ the walls were carefully positioned to
leave 'arrow slots' a few inches wide between. Cameras were placed to
observe the spread of flame down the length of the building. One box of
propellant on the pallet nearest the doorway was ignited. The test was
repeated with a similar stack of pallets of wooden boxes of gun propellant.
Because of the lost volume these ten pallets held approx. 7500 lb (3400 kg)
in total of propellant. Each trial was repeated making four firings in all.

/There was an initial delay whilst the first box fire communicated to
the:other boxes on the outermost pallet. The arrow slots then successively
spurted flame and shortly after bright flames were seen at the last slot
indicating, presumably that flame filled the whole volume of the room, the
rate of combustion accelerated violently. The flame discharged from the
open end of the room so increased that in the first (fibreboard box) trial
a roaring flame jet swept for 200 ft (60 metres) horizontally along the
ground. The roof plate at the closed end of the room lifted and was
dislodged there-by somewhat reducing the confinement. This violent phase
when presumably the greater part of the propellant reacted, lasted about
5 seconds. Unfortunately, the cameras were not aligned to monitor this
flame projection. A similar result occurred with the other fibreboard
box trial.

The trials involving the C128 wooden boxes proceeded very similarly
although with a slightly less violent reaction. It is impossible to
ascertain whether the reduced propellant loading density or the protective
effect of the wood versus fibreboard caused the difference. Trial 2 of the
wood box fire, is illustrated in the film clip. In trial 4 there was a
delay, amounting to hour~ before the fire was established. The established.
fire behaved identically to that in trial 2 but no film record was taken •

•
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OBSERVAT IONS

The 18 mm steel roof of the model room constructed for the trials
had a weieht corresponding to 0.20 psi. It is reasonable to assume that
leakage of the pressurised combustion products between the top of the
concrete wall and the plate submits the whole area of the plate to much
the same pressure and that this represents the maximum confinement of
combustion products. It would be anticipated that the maximum internal
pressure would occur remote from the vented end bf the room. The structure,
Rlthough it may appear to be of ma~sive const!~ction, is in fact much
weaker against a sustained internal pressure than many common types of well
built storehouses. This implies that the effects demonstrated are minimal
and, apart from wooden sheds or thin pannelled buildings, might be exceeded
should nn incident occur in many existing propellant storehouses. It is
relevnnt to note that French practice has been to store propellants in
long buildings with one long side completely open, apart from a mesh screen,
which arrangement produces negligible confinement of combustion products.

The strenp;th of !t}J.eanticipated flame jet from a doorway or other
openin~ requires that a normally constructed propellant storehouse must
never be orientated to allow the jet to play on the door or window of an
adjAcent building. If the building at the exposed site is constructed
with concrete or brick walls without windows, integral concrete roof and
is orientated with door(s) away from the potential explosion site it seems
reasonable to assume that communication of fire would be effectively
precluded. Earth covered buildings would, of course, be even more
effective fire barriers. However, even a simple inperforate brick wall
should be an effective fire barrier and not transmit the heat from a
comparatively fast burning propellant fire at the PES. Communication
should not occur provided the roof was also a fire barrier and there are
no p;aps between roof and walls. Distances based entirely on Qucmtity
would seem to be more or less irrelevant in the close-in situation.

FACTORS INVOLVED IN A PRACTICAL PROPELLANT INCIDENT

The duration of a fire may be very variable, in particular the lead
up time to the maximum rate of heat emission. Most of the combustion will
take place during a very limited period, of the order of 5 seconds, if the
high intensity fire surge does occur. Obviously, if the incident only
involves intermittent burns of small quantities of propellant over an
extended time the chances of communication or injury are negligible. It
may be noted that both the bare propellant stack and the boxed propellant
in a moderately strong storehouse show the same period ( 5 sees) of high
intensity fire. The presence of boxes holding propellant is likely to
delay the onset of the high intensity fire but not to greatly affect the
high intensity burn rate in a moderately strong storehouse (e.g. brick walls
with concrete roof).

654

_.,- '--'r~-..-----.-~~•.-----.---'--'--'- --1""<- -. ....-~-~-~-~ ....... --



, "

.:.:.J~ ",~,~: Jo "",.... ,._. "':~.:'~_-':" ;_-I.. ......~ .... ...........~_....:_-__ ..... ......:... ..... "_, :_~_... __._....:...-~_.~ ••. ~ __:_•.~"- ... ,_._~_ • .....:..~_. "_:_ • __ ..... _'._",~~ ~ ••_~~ ...~:.._~_:. /~.__";, .',: .••:: _~ .:~

Buildin~s of sliehtly ~reater stren~th e.g. of reinforced concrete
with inter,ral roof, or ieloos, may by confinement provoke .even faster
hi~h intensity burn rates.

The position of the 'fireball' from a storehouse door will not
approximate to the building itself if radiation is being considered.
c~lcul~tion of radiative heat transfer is likely to be misleading on
account since the effective centre of the 'fire ball' may be 50 m in
of the doorway.

Any
this
front

For concrete buildinp;s the flame jet produced may approach 100 m in
lenp;th. Direct flame im~ingement by the jet may ~ive heat transfer rates
up to 10 times that expected from radiation at dist~ces of the order of
tens of metres, typical of inter storehouse spacings. A wall traverse may
be liRed to deflect an anticipated flame jet to protect against direct
flame impingement. Radiation from the buoyant flame will still occur,
however, over the top of the wall. Provided the roof of the acceptor
buildin,c;' is fire resistant this... may be tolerable. Windows are, of course,
transparent to heat radiation.

Qu&~tity Distances based on radiant heat doses to people may be
in8.dequate if:-

a. The radiant heat pulse is of much shorter duration than the
6 sees usunlly postulated, (Reference 11) as may be caused by
stron~ building confinement.

b. Building orientations are not taken into account unless well
positioned door traverses are used to miti~ate.

c." A large quantity is stored in each chamber (or carried in a
ship's hold). Considerations of radiation would indicate an inverse
square law for Q-Ds. British experiments indicate that the flame
r8.dius scal~s as QO.44 but Q-Ds for HD 1.3 explosives are mostly
scaled at Qt as for detonating explosives with, however, a much
smaller k factor. It is well known that large quantities of
propellants when stored underground can, when involved in a fire,
lead to projection of the cover and blast effe~ts approachine that
to be anticipated from a similar quantity of detonating high explosive.
It would appear logical, therefore, that Q-Ds for HD 1.3 explosives
be markedly less than for HD 1.1 mass detonating explosives for
quantities of the order of a ton or so (neglecting the fl5m~4jet

effect). If the scaling increase were based on QO.5 or Q. the
distance wquld eventually overtake the Q-Ds for HD 1.1 explosives
based on Q~. It would be particularly convenient if this
occurred at a quantity 'Q' large enough for the transition from
burning to high order deflagration to be plausible.
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CONSIDERING INHABITED BUILDING DISTANCES

The inhabited buildinf, quantity distances for the storage of HD 1.3
explosives are (ror larf,er quantities) currently calculated using the
distance functions:-

D =6.4 Q! in metres and k~ (16 W! feet and Ib)

in NATO and UK/MOD, Refs 1 & 2.

and D = 3.2 Q! in metres and kg ( 8 W! in feet and lb)

in USA, DOD, Ref.3.

It is reasonable to assume that most accidental fires have occurred
with smaller quantities of explosives (i.e. 10 tonnes or less) since the
majority of explosives storehouses fall into this group. It may also
reasonably be assumed that most incidents were due to external effects
and not to inherent chemical instability of propellant material, which
can presumably be ruled out these dRYs. The practicable experience of
fires invblving HD 1.3 explosives may have been p;iven undue ",eight in
setting out protection levels. The possibility that, for propellant
IStorap;e buildings of quite common design when quantities exceed a few
tons, the effects mRY be quite disproportionally more violent than
normal experience h~s apparently been disregarded.

The !EDs prescribed in both NATO and UK for propellants are 2o/;~

of those specified for high explosives. In US military practice the
ratios ranr,e from 2~j for smaller quantities ctown to 16% for Q of
250,000 Ib (110,000 k~). Again makine the point rather differently:
The same spacinGs and presumably acceptance ,of injury levels to persons
and damaf,e, are used by NATO and UK for Process Building Distances and
for Inhabited Building Distances in the USA.

CONSIDERING MAGAZINE DISTANCES

The quantity distances between magazines or explosives storehouses
for HD 1.3 explosives are currently calculated using the distance
functions:-

1

and kg (0.49 W~D = 0.22 Q~ in metres in feet and lb)

in NATO & UK/MOD, Refs. 1 & 2.

and D = 2.0 Q1 in metres and kg (5 W! in feet and Ib)

in USA, DOD, Ref.3.
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The NATO/UK value represents about 80% of the flame radius from an
unconfined bare stack of propellant (Ref.4). Since the distance scales
as the square root of the quantity it becomes progressively more
conservative as Q increases. The US DOD value being scaled as the
cube root of the quantity becomes progressively less conservative as Q
increases. (Making the assumption that the effect is correctly
represented by an index approximating to 0.45). However, the actual
distances required by the US are longer for quantities up to 500 tonnes,
which may possibly be the practicable limit.

The inter-magazine distances with barricades prescribed in NATO/UK
for propellants are 2~b of those specified for hif,h explosives for 1 tonne
rising to 8~~ for 500 tonnes. In ~S military practice 1 the cOD~tant ratio
is 5~b of the US HD 1.1 Q-D of 9 w~ feet~and lb (3.6 Q~ in metris and kg).
The NATO/UK distance for HD 1.1 is 2.4 Q~ in metres and kg (6 W~ in feet
and lb), perhaps a traverse (UK) gives greater protection than a
barricade (US)? If a Q of 8.5 tonnes (18,700 lb) is considered as a
typical storehouse load then the US tabulated distance (Ref.3) is
125 ft (38 m) and the NATO/UK value (Ref 1 & 2) is 21 m (69 ft). One can
only speculate as to the rationale behind the unusually conservative
approach by US DOD compared with NATO. It may, presumably, be assumed that
it was not based on flame jet considerations.

CONCLUSION

Consideration. of some HD 1.3 quantity distances show many anomalies
and imply that the level of protection they afford may be inadequate
compared to HD 1.1 and 1.2 explosives whose effects are better understood
It is the strpnglyheld view of the writer that the behaviour in a fire of
boxed propellants, and the various types of rocket motor classified as
HD 1.3,' does not lend itslef to theoretical study nor to modelling.
Large scale test firings should therefore be carried out to confirm, or
otherwise, the presently accepted quantity distances. More immediately,
large quantity AD 1.3 storage facilities should be surveyed to ensure
any probable jetting effects from buildings do not produce an
unacceptable communication hazard.
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IMPROVED THERMAL PROTECTION FOR
PYROTECHNIC WORKERS

Jim I. Martin, Don W. Moore, Tracy K. Bramlett
Day & Zimmermann, Inc.

Lone Star Army Ammunition Plant

BACKGROUND

OBJECTIVE V
The objective of this research was to determine the

relative advantages and disadvantages of various types of fabrics

and materials for providing protection for employees against

flash 'fires. After determining the best materials for tl1ermal

protection, design requirements for a flashsuit, gloves, and

visor assembly were to be established.

rr-"
The selection of protective equipment and clothing to

guard against thermal injury to ammunition and explosive workers

must have a sound basis in fact. Until recently it did not. As-

sumptions had been made that protective equipment that has proven

itself adequate for civilian firefighters, or for steel workers,

or for airplane fuel firefighters, could be successfully used at

ammunition plants. The unfortunate evidence provided by recent

incidents and the results of a series of preliminary tests indi-

cated that these assumptions were false.

As a result of these discoveries, a need for re-evalu-

ating the protective qualities of the materials used became

apparent. Alternative types of materials were considered. Pro-

duct descriptions were obtained. The opinions of fabric manufac-

turers, of suit designers, and of protective suit users were

solicited.



A bewildering variety of answers was obtained. Dif

ferent fabric manufacturers used different types of tests which

produced incompatible results. Suit designers and the users of

protective suits had greatly varying requirements to meet their

different sources of thermal stress. It became apparent that the

only way to have a sound basis for selecting different fabrics was

to conduct a methodical examination of the thermal protection pro

perties of these fabrics and materials under a standardized testing

procedure.

EXPERIMENTAL PROCEDURE

A series of tests was designed to evaluate the properties

of protective fabrics and materials against various heat sources.

Laboratory tests were conducted with a fixed heat source; field tests

were conducted with one type of pyrotechnic materials; and burn en

velope tests were conducted with quantities of different types of

pyrotechnics.

Laboratory Tests

The laboratory tests gave the opportunity to obtain re

liable and complete data on the benefits of different kinds of

material. The tests were conducted under controlled conditions,

with a defined heat source, with a fixed distance from the heat

sources, and with a measured amount of time.

As a result of extensive trial and error, a reliable,

practical, and relatively realistic experimental procedure was

developed. It consisted of exposing samples of fabrics to an

oxyacetylene torch for brief periods of time. A mechanical

shutter allowed the fabric to be exposed to the flame for times

662



varying from 1/4 second to l~ seconds. The fabric was positioned

so that it was in the most intensely hot part of the flame (2.5

inches from the orifice) where a thermocouple consistently indi-

cated readings of over 2,600 0 F.

Samples of different fabrics were exposed to the flame

while the temperatures on the unaluminized side were recorded

using thermocouples and termperature indicator strips. Thermo-

couples were used for most of the testing because, in addition to

indicating the maximum temperature reached, they could be used to

determine the length of time it tpok to reach that maximum tempera-

ture and the total time that the temperature exceeded l4~0 F

(blistering will occur if the base layer of skin reaches this

temperature) .

The same laboratory test series was conducted under

conditions simulating the effects of deluge activation. Water

was discharged onto the aluminized surface immediately after

the flame was cut off. Under these conditions, the desirable

characteristics (lower maximum temperature and shorter time

above 140 0 F) of all fabrics showed improvement. Nevertheless,

the same rank order of fabrics was found to hold in both the

dry and wet conditions.

Additional tests were performed, using the same test

apparatus and single or multiple layers of underlying fabric

(unaluminized Nomex or cotton). With the addition of under-

lying fabrics, the desir3ble characteristics of fabric protection

improved. In general, the same rank ordering of outer protective
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fabrics was found to hold across all combinations of underlying

fabrics. Greater variability in the results was found. Previous

researchers have concluded this variability occurs because it is

impossible to keep the multiple layers consistently separated

from one test to another.

The tests in the laboratory setting using the oxyacety

lene heat source permitted rigid control of the test circumstances.

The heat source characteristics, the distance from the flame, and

the time of exposure were all controlled with some precision. As

a consequence, it was possible to make an accurate comparison be

tween the protective properties of the different fabrics.

Field Tests

In the field tests, using pyrotechnic materials as the

heat source, precise control of the factors cited above was im

possible because of variations in the materials, the burn rate,

and the evolution of the burn sequence. Nevertheless, it was

necessary to determine to what extent the results of the labora

tory tests applied to the actual field situation.

The field tests were performed with a movable arm

which passed the sample of fabric or material through the flame

of a burning pyrotechnic pellet at a fixed rate of speed. For

most of the test series, the samples passed I inch over the burn

ing pellet and were thoroughly immersed in the flame. Exposure

times varied from approximately 0.5 seconds to 3.0 seconds. Tem

peratures were recorded with quick response thermocouples, and

heat flux was measured with a calorimeter. Most of the tests were

performed with single layer samples, but additional ones duplicated
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the multi-layer and simulated deluge tests performed in the

laboratory.

For the most part, the results of the field tests

paralleled those of the laboratory. The one major difference

was in the effectiveness of inerting a layer of reflective foil

in the visor facepieces. The laboratory tests had shown little

effect of the foil, but with some pyrotechnics, the foil greatly

reduced the temperature increase, probably because of the higher

radiant energy generated by the pyrotechnic material.

Burn Envelbpe Tests

The burn envelope tests were performed primarily with

various quantities of a high-range pyrotechnic mix (one that

had the greatest caloric output). Additional tests were con-

lucted with mid-range and low-range mixes.

The burn envelope tests were the most difficult to
.

:ontrol, to measure, and to replicate. Major differences in the

rrowth, shape, and movement of the burn envelope from one test

:0 the next made it impossible to ensure that samples mounted at

:he same position were actually exposed to the same thermal

threat.

Analysis of the data showed, however, that the same

general performance characteristics of the different test materi-

als were maintained in the burn envelope tests. No major dif-

ferences were determined, but valuable data about the shape and

development of the thermal threat from pyrotechnic mixes were

obtained.
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RESULTS AND DISCUSSION

The test series generated volumes of data for a wide

variety of samples under many different test conditions. The

findings of the various test series are summarized in the follow

ing subsections by the major area of interest - fabric, glove,

visor, and burn envelope results.

Fabric Results

Test3 on various kinds of fabrics were performed with

25 types tested in the laboratory series and 40 in the field

tests. Various weights and thicknesses of aluminized and un

aluminized fabric were examined. Table 1 summaries the types

of fabrics examined.

TABLE 1.

FABRICS TESTED

LAB FIELD TYPE

4 4 KYNOL

4 4 RAYON

5 5 KEVLAR

4 6 NOMEX

0 5 SILICA_BASED

, 4 OTHER SYNTHETICS

Z Z NATURAL FIBERS

, 10 LEATHER

The data from the laboratory tests and pyrotechnic

field tests were in close agreement. Data from the field tests

with single layers of protective fabric are summarized in

Table 2 and illustrated in Figure 1. For short duration exposures,
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the differences between the various fabrics appear relatively in-

consequential; for prolonged exposures, however, there are signifi-

cant differences.
TABLE 2.

TYPICAL PYROTECHNIC TEST RESULTS

EXPOSURE TIME TO BURN I/Z SEC I I/Z SEC
LEATHER 40 101

KYNOL 79 200

RAYON 81 CHARRED
KEVLAR lSI 470

NOMEX 140 587

COTTON IZA BURNED

FIBERGLAS 190 870

SIL.ICA-eASED 100 770

Leather consistently performed the best. Kynol-based

fabrics also yielded good performance and were generally superior

to other fabric blends; however, it is impossible to specify one

fabric as the best under all test conditions, test measures, and

operational requirements. Different materials proved superior

under certain circumstances. In general, however, Kynol appeared

the best of the synthetic fabrics.

The reason for some of the inconsistency in results is

apparent in the following figures. For a short duration exposure

to pyrotechnics, the results are relatively straightforward.

(See Figure 2.) Leather appears the best with the lowest and

slowest temperature rise. When the exposure time is lengthened
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to 3.0 seconds (see Figure 3), the results become confusing. Is

it more desirable to have a fabric with a slower temperature rise,

even though the maxium temperature attained is significantly

greater (e. g., the Kevlar as opposed to the Kynol S, or the Kynol A

as opposed to the leather)?

The selecti6n of fabrics becomes even more confusing

when the early temperature rises occurring immediately after ex

posure to the flame are examined. In work operations where a

deluge system is mounted, the rapid onset of water would dissipate

the heat before it could.penetrate the fabric, so it would appear

that the fabric which would delay heat penetration the longest

would be best. However, while failure of a deluge system is ex

tremely rare, the consequences of such a failure would be more

disastrous if a fabric with a slow, but ultimately higher, tempera

ture rise were decided upon. Figures 4 and 5 show temperature and

heat flux data for a few of the samples examined and illustrate the

problem in making the selection. In general, however, by most

measures, leather is the best material, and Kynol has qualities

that make it the best of the synthetics.

Multiple layers of Nomex underclothing reduce the tempera

ture rise, and the rapid onset of water quickly cuts the peak tem

perature and promotes cooling. Tests with multi-layer and with

simulated deluge conditions are illustrated in Figure 6. Despite

the added protection provided by multiple layers of clothing and

the del~ge system, the major protection is afforded by the outer

layer, and the selection of that material determines the additional

effectiveness of other measures.
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Materials which were unaluminized showed substantially

lower peak temperatures under the deluge conditions. Table 3

summarizes representative tests with some materials tested with

pyrotechnic burns.
TABLE 3.

COMBINED MULTI-LAYER AND DELUGE TESTS WITH PYROTECHNICS
TEMPERATURE INCREASES (OF)
KVNOL RAYON LEATHER KYNOL

DRY CONDITION ALUM. ALUM. UNALUM. UNALUM.

SINGLE LAYER -81.5 ~5 42 77

PLUS ONE LAYER NOMEX 52 68 48 50

PLUS TWO LAYERS NOMEX 41 81 48 45

DELUGE CONDITION
SINGLE LAYER 81 89.5 II 15

PLUS ONE LAYER NOMEX 44 78 10 13

PLUS TWO LAYERS NOMEX sa 47 II ..

The aluminization process makes materials relatively waterproof

and retards the cooling effect afforded by the water. Although

the aluminization does have this disadvantage, the advaQtages demon-

strated in prolonged burns in the laboratory, field,and burn enve-

lope tests provide compelling evidence that its use is warranted.

In working with pyrotechnics, it is possible that the suit

or gloves may be wetted with acetone, alcohol, or water during some

stage of the process. In order to determine if any of these wetting

agents would have an adverse effect on the protection offered by

a fabric, special laboratory and field tests were conducted. A

summary of some of the data from the field tests is provided in

Table 4.
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TABLE 4.

EFFECTS OF WETTING AGENT ON PYROTECHNIC PROTECTION

FABRIC

TEMPERATURE INCREASE - DEGREES F
DRY ALCOHOL ACETONE WATER

KYNOL. UNALUMINIZED 10:7

KYNOL. ALUMINIZED

RAYON. ALUMINIZED

88

97

60

75

85

49

51

51

32

51

59

In neither series of tests was the protection impaired; all wetting

agents resulted in a reduced temperature peak. There was some

variation in the effectiveness of the enhanced protection. In the

most prolonged burns of the pyrotechnic tests, the acetone apparently

evaporated more rapidly than it did in the oxyacetylene tests, be-

cause no appreciable cooling effect could be noted.

During the course of use of a protective fabric suit,

the aluminization may exhibit cracking or abrading. Tests were con-

ducted to determine to what degree those conditions reduced protec-

tion. Surprisingly, in both the laboratory and field tests, the

worn fabrics generally showed protection as good as, if not better

than, new material. Figure 7 summarizes the typical results from

the laboratory tests. The improved protection appeared to have

resulted from the increased thickness of the fabric caused by the

repeated flexing and bending which caused the cracking or abrasion.

On prolonged exposure to a high thermal threat, the intact alumini-

zation proved superior, but for a wide range of other exposure con-

ditions, the used fabric samples were frequently superior.

The leather samples examined in the main body of tests

proved to be consistently superior, but their weight was approxi-

mately twice as heavy as the heaviest synthetic fabric. It had
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WORN FABRIC TEST RESULTS

o

50

100

o 25 50

Time (Sec) After Onset of Exposure

o

Q)
Ul
to
Q)

l-l
U
C
H

Increase in Time (Sec)
Fabric Temp. ( 0 P) to Peak Time (Sec)
Condition Above Ambient Temperature Above 140 0 F

Unused Rayon 92.0 2.0 52.0

Used Rayon:

--- Good Condition 85.5 3.6 31. 4

----- Slightly Abraded 84.5 3.5 23.0

----_. Cracked 5urface 78.0 3.0 19.2
•••• I ••••• Heavily Abraded 76.0 3.0 20.5

* Samples of fabric exposed to 2600 0 F for 1/2 second.

Figure 7.

677



been found throughout the tests that the degree of thermal pro-

tection generally showed some correlation to the weight and

thickness of the samples examined. Additional tests with pyro-

technic sources were conducted with a wide range of weights and

thicknesses of leather. The results are summarized in Table 5

and show that while there is some correlation of the weight of

the leather, the aluminized leathers gave substantially better

protection than did other leather samples of greater weight.

TABLE 5.

LEATHER SAMPLES IN PYROTECHNIC BURNS

L.EATHER TYPE WEIGHT TEMPERATURE

UN_AL.UMINIZED (OZ/YDI ) INCREASE ( OF )

CREAM GRAIN 10 98

BUFFED GRAIN II 106

CROME L.EATHER 18 101

CROME L.EATHER 40 105

THERMAL. L.EATHER 40 80

CROME L.EATHER 50 8J

AL.UMINIZED

SPL.IT L.EATHER Sol III

AL.UMINIZED L..EATHER 40 70

The general results of the fabric tests are summarized

in Table 6.
TABLE 6.

FABRIC TEST RESULTS

NO ONE TYPE OF FASRIC IS BEST FOR AL.L.

TEST CONDITIONS

MEASUREMENT PROCEDURES

OPERATIONAL. CRITERIA

KYNOL. GENERAL.L.Y GAVE THE BEST RESUL.TS

FOR SYNTHETICS

L.EATHER PERFORMED THE SEST OF AL.L.

BUT AT INCREASED WEIGHT

AL.UMINIZATION IS SENEFICIAL. FOR

HIGH THERMAL. THREATS
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Glove Results

Tests were performed on a variety of gloves and of

glove materials in both the laboratory and field test series.

Although tests were conducted with the gloves intact, data was

also collected from tests in which the glove was, taken apart

and the sensor reassembled in such a way that the location of

the sensor with respect to the liner and outer layer could be

consistently positioned. Data collected with the glove materials

reassembled in this manner tended to be more consistent.

The different gloves exhibited greatly varying degrees

of protection. As with the fabric tests, leather gloves gener-

ally gave the best protection. Synthetics could match the pro-

tection afforded by the leathers only by greatly increasing their

thickness. (See Figure 8 and Table 7.)

TABLE 7.

GLOVE MATERIAL PYROTECHNIC TESTS
TEMPERATURE INCREASES (OF)

WITHOUT WITH
L...INER L...INER

AL...UMINIZED L...EATHER 118 70

WORK I..EATHER 56 lSI

PIGSKIN IU 1M

KNIT KYNOL... III 89

KEVLAR • 156 125

KEVl-AR 7 5A 126

FIBERGLAS 637 lOS

Liners enhanced the degree of protection afforded by

any other material. A problem with many pyrotechnic operations,
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Figure B(b). Effects on Gloves of 1 Second Laboratory Test Burns.

Top Row: Kelnit; Asbestos: Aluminized Rayon; Aluminized Fiberglas
Bottom Row: Leather; Work Leather; Aluminized Leather; Aluminized

Kevlar; Knit Kynol.
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however, is that a substantial degree of flexibility and sensi

tivity is required for performing the work. Liners generally en

cumber the operation and could prove to be a greater safety

j hazard than a help.

Visor Results

Tests were performed with different visor faceshield

materials in single and multiple layer tests. Table.8 summarizes

the results for the laboratory tests performed with visor assemblies.

Figure 9 shows the test apparatus for the laboratory test of the

visors, and Figure 10 shows the results of burn tests of visor

shields.

The results of the pyrotechnic tests varied from those

of the laboratory iri that the reflective foil proved to make a

substantial contribution to reducing the thermal threat. (These

results are discussed in a separate report.)

With all of the visor tests, the temperature rise in the

multi-layer assemblies was substantially lower than than obtained

under similar conditions with protective fabrics. For protection

against damage to the inner shield and for enhanced thermal pro

tecticin, a dual layer shield should be used. ReflectIve foil

should be used against certain types of pyrotechnic threats with

high radiant outputs. An inner shield of 1/8th inch Lexan, an

air gap, and an outer shield of .040 acetate provides optimal

protection.
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Figure 10. Prolonged Burn Visor Test Results
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Burn Envelope. Results

The burn envelope tests were designed to determine the

extent to which th~ flame generated by a burni~g pyrotechnic mix

would expand. Samples of fabric were mounted on test stands to

determine the temperature rises experienced within the burn enve-

lope.

There were found to be massive differences between vari-

ous pyrotechnic mixes in the heat output,. the area and volume the

burn envelope would occupy, and the duration of the burn. Examina

tion of paper tape indicators and a review of single frames of

~otion pictures and videotapes showed that the border of the

burn envelope was sharply defined but that the shape was con

tinually changing.

As a result of these variations in the. flame envelope,

samples exposed to the burn received various amounts of thermal

insult, and consistent results for samples located at the same

place in the field could not be obtained. Nevertheless, by com

puting the averages of the rank order of effectiveness of the

tested samples at each location, a generalized ordering of the

effectiveness of the fabrics could be obtained. When this was

done, as is shown in Table 9, leather proved to be the best, with

the two varieties of aluminized Kynol in the following places.

TABLE 9.

BURN ENVELOPE FABRIC TEST RESULTS

L.EATH&:R. ALUMINIZED 15. 5 RAYON. AL.U MINIZED 7 aa
KYNOL.. AL.UMINIZED S 10.5 KEVL.AR. AL.UMINIZED V IS. 5

KYNOL.. AL.UMINIZEC A Z2 FIBERGL.AB. AL.UMINIZED 5&

KYNOL.. UNALUMINIZED sa NOMEX. AL.UMINIZED q

RAYON. AL.UMINIZED U Ie. 5 KEVL.AR. lINAL.U M. • ..
RANK ORDER AVERAGES OF TEN TYPES OF FABRICS
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Summaries of the findings for the temperatures recorded

on fabrics exposed to a l6-ounce burn of a high-range pyrotechnic

mix are indicated in Figure 11. The temperature readings are those

obtained at positions approximately two feet apart above and away

from the pyrotechnic source. Similar readings are shown for three

quantities of pyrotechnic mix in Figure 12.

The rayon appeared to give substantial protection on some

of these burns, but the protection was afforded by the char which

developed over the sensor. When the fabric was touched, it crumbled.

For a protective suit, this protection afforded by the char would

be illusory. In conducting these tests, all fabrics were routinely

examined to determine if spurious results s~ch as this should have

been discounted.

It should be noted that the temperatures recorded were

obtained with temperature indicator strips ..These strips are

sensitive to both the total temperature and the duration of the

rise, so it is unlikely that they represent the actual temperature

attained behind the protective fabrics. Despite this drawback,

they do permit comparison of the results of one fabric with those

of another, and they allow the simultanteous sampling of many

more fabrics than would have been possible by other means.

Despite the variations introduced by the experimental

constraints of the burn envelope tests, when the results are ex

amined in conjunction with the more rigidly controlled laboratory

and field tests, they do appear .to be consistent with the earlier,

more accurate and replicable findingsl and for that reason, appear

to reflect a basic validity common to all three test processes.
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PROTECTIVE CLOTHING

A continuing effort is being made to apply the findings

from this series of tests to the development of an improved pyro

technic suit and to the selection of gloves and other protective

gear for pyrotechnic operators.

Certain objectives were established as essential for

the improved flashsuit. It must:

• Permit unassisted and quick removal.

• Allow routine body and arm movements.

• Cover the head and torso completely.

• Provide an uninterrupted front.

• Seal flaps and overlaps effectively.

• Allow a clear view of the operating area.

• Provide for air cooling with an automatic disconnect.

Other objectives were established as desirable. The suit should:

• Weigh less than 10 pounds.

• Permit unassisted entry.

• Require as few discrete actions as possible when

putting the suit on.

• Allow operators direct access to fresh air

via a detachagle hoodpiece or hinged visor

facepiece.

After attempting over ten prototype designs, the essential

characteristics have been met, but the desirable characteristics

could not be completely satisfied. Figure 13 depicts one of the

latest models of a suit meeting the essential characteristics.
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Continued efforts are being made to increase the comfort

and ease of entry into the protective suit, and to incorporate the

latest findings into providing for increased protection. At the

current time, the following recommendations (see Table 10) reflect

the most recent developments.

TABLE 10.

SUIT DESIGN - RECOMMENDATIONS

KYNOL. FABRIC FOR THeE BODV

L.E~THER FOR THE ~RMS AND HOOD

AL.UMINIZATION FOR HIGH THERMAL. THREAT

AIR-eOOL.ING WITH AUTOMATIC DISCONNECT

INTEGRAL. SUIT AND AIR VEST PACKAGE

DUAL. L.AVER VISOR WITH FOIL. AS REQUIRED

It must be emphasized that while the objective of this

research has been to develop thermal protection, the most effective

thermal protection is the removal of the operator from hazardous

operations. Concurrent efforts are being undertaken at Lone Star

Army Ammunition Plant to remote the most hazardous pyrotechnic

operations.

Even when most of these operations have been successfully

automated, there will always-remain the necessity to provide personal

protection for maintenance and other individuals who will, of ne-

cessity, come into proximity to pyrotechnic operations. The data

obtained by these tests will therefore continue to prove of benefit

in attempting to provide the most effective thermal protection to

those engaged in pyrotechnic operations.



The views, opinions, and/or findings contained in
this report are those of the authors and should not be con
strued as an official Department of the Army position, policy,
or decision, unless designated by other documentation.

The data and conclusions contained herein are based on
work believed to be reliable~ however, we cannot and do not guarantee
that similar results and/or conclusions will be obtained by others,
and we do disclaim any liability resulting from the use of the
contents of this report.

APPENDIX

TECHNICAL DATA

Table 11. Pyrotechnic Mixes Used in Burn Envelope Tests

Type of Mix Category Heat Output

M13 Tracer High Yield 2774 cal/grn

M692 Delay Medium Yield 1807 cal/grn

M549 Delay Low Yield 583 cal/grn
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Table 12. Fabrics Used in Pyrotechnic Tests.

Category Description ,Weight Thickness Temperature Rise (op)
Code (oz/yd2) (inches) After Timed E,osure

0.5 sec sec
KYNOL

YA alum. AKI 17.2 .053 74.5 302
YS alum. Amatex 22.9 .063 85.5 199
YU unal. Amatex 19.0 .064 78.5 326
YK unal. Knit 27.4 .064 132

RAYON
RU alum. Gentex 1017 (used) 19.1 .053 81 . 222.6"
R6 alum. Gentex 1006 14.9 .031 78.5 351.6"
R7 alum. Gentex 1017 19.9 .041 89.5 158"
R9 alum. Gentex 1019 18.8 .044 70 194.6"

.: KEVLAR
KW alum. Gentex 1090 9.1 .030 138 Burn**
KV alum. Fyrepel 11. 3 .025 97 681.5
101 una1. Amatex 11HT26 10.7 .040 149.5 476
K4 unal. Amatex 22PT7 21.9 .073 64 299.8
KF unal. Plextra 15.3 .053 131 472

NOMEX/ARAMID
NG alum. Gentex 1055 13.3 .083 62 Burn**
NN alum. Gentex 1056 10.0 .019 231 Burn" *
NO alum. Fyrepel 100z 11. 4 .025 112 Burn**
N3 alum. Gentex 1053 4.8 .012 140 Burn**
NC alum. Pyrepel check 4.7 .018 222 Burn**
NB alum. Fyrepel black 9.8 .018 150 587

SILICATES
SR una1. HAVEG 84CH red-back 22.9 .029 75 726
SH unal. HAVEG 188CH 40.4 .053 92 256
SB unal. HAVEG 84CH 18.9 .031 133 840
SC unal. HAVEG UC-IOO-48 19.0 .031 118 771
SRF unal. Refrasil 19.6 .034 91 895

OTHER SYNTHETICS
FG alum. Gentex Fiberglass 15.4 .020 150 624
PR alum. Gentex Preox 16.7 .037 82.5 666.6
GT unal. Amatex 24PT73WR 24.0 .073 74 237
GN unal. Amatex 16HT65wR 16.0 .052 70 535.3

LEATHER
CR3 unal. Cream grain 20.2 .053 97.9
BU3 unal. Buffed grain 20.8 .055 106.5
BL3 unal. Chrome split 26.2 .066 100.8
BL4 unal. Chrome split 39.5 .062 104.6
LA3 alum. split 33.8 .062 40.5 63.3
LA4 alum. split 44.7 .058 87.6
SC4 unal. split. 44.8 .069 36
TH4 unal. Thermaleather 39.4 .072 79.7
LAS alum. split 39.7 ..069 45 70.0
BL5 unal. Chrome split 50.0 .087 80.6

oTHER ORGANICS
CO alum. Gentex 1003 Cotton 14.0 .025 124 Burn
WO alum. Gentex 1009 Wool 20.5 .069 63 114.3

* Charred and disintegrated (insulated thermoc9uple gave false reading) •
** Burned, melted, shriveled, or otherwise destroyed.
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FIGUl\E 14.

Typical Test Results for
Samples of Fabrics Exposed to Temperatures in Excess of 2600 of

for 0.5 Seconds.

Figure 14(a). Side Exposed to Flame.

Figure 14 (b). Side Opposite Flame.

In both figures, the samples are displayed in the following order:

Top Row, Left to Right:
Rayon, Used
Rayon, 1006
Rayon, 1017
Rayon, 1019
Preox -

Second Row, Left to Right:
Rynol, ARI
Rynol, Suit, Amatex
Rynol, Unaluminized, Amatex
Nomex, 1055
Nomex, 1056, Thin
Nomex, 10 oz., Thick

694

Third Row, Left to Right:
Nomex, 1053, Check
Kevlar, 1090
Kevlar, V
Kevlar, llHT
Kevlar, 22PT
Kevlar, Flextra
Cotton, 1003.

Bottom Row, Left to Right:
Wool, 1009
Refrasil
Fiberglass
Leather, 3
Leather,S
Leather, Unaluminized

1·
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FIGURE 15·
Typical Test Results for

Samples of Fabrics Exposed to High Yield Pyrotechnic Burn
for 0.5 Seconds.

Figure 15(a). Pyrotechnic Test Samples (Side Exposed to Flame).

Figure 15 (b) . Pyrotechnic Test Samples (Side Opposite Flame) •.

In both figures, the samples are displayed in the following order:

Bottom Row, Left
VA Leather
L5 Leather
L3 Leather
WO Wool

","

Top Row, Left to Right:
YS Kynol, Suit, Amatex
YA Kynol, AKI
YU Kynol, Ualurninized,
R6 Rayon, 1006
R7 Rayon, 1007

Second Row, Left to Right:
J.(IJ Kevlar, V
KF Kevlar, Flextra
K4 Kevlar, 400
KH Kevlar, KH
N3 Nome x , 1053
NB Nornex, Black
NB Nomex, Black

Amatex

697

Third
SC
SB
SH
SR
FG
PR
GN
GT

to Right:
UC 100-48
84CH
188CH thick
red backing

Row, Left
Silicate,
Silicate.,
Silicate,
Silicate,
Fiberglass
Preox
NorFab,
NorFab,

16HT 65WR
24PT '73WR

to Right:
unal (L5)
L5
L3
wool
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ABSTRACT

Iul investigation sponsored by the National Science Foundation has produced

as one of its results a survey and evaluation of risk analysis method

ologies. This paper presents some implications of the surveyC 1) to risk

analysis and decision making for explosives hazards such as may ultimately

be implemented in the Navy's proposed NOHARM System and other similar

systems that may be contemplated by DoD organizations.

GLOSSARY

Risk

The probability distribution for the occurrences" due to' faults or failures,

or external events, of a set of possible losses, such as given numbers of

casualties, deriving from a given activity, such as the operation of a

specified facility under specified conditions for a particular period of

time. Risk is often also used to mean the product of the probability and

(1)Supported under Grant No. PRA-8007228. Any opinions, findings, and
conclusions or recommendations expressed here are those of the author
and do not necessarily reflect the views of the National Science
Foundation.
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magnitude of a given loss, or the sum of such products over all the possible

losses, Le., the expected loss. Individual r-isk is the pr-obability of a

given loss (e.g., an injury) occurrin~ to any member of the exposed popu

la tion. Group or societal risk is the pr-obabili ty that a given number of

individuals will suffer a given loss.

Risk Assessment

The integrated analysis of the risks of an activity, system or facility and

their significance in an appropriate context. It incorporates risk esti

mation and risk evaluation.

Risk Estimation

The statistical, analytical and/or judgmental modeling process leading to a

quantitative estimate of a given risk.

Risk Bvalua tion

The appraisal of the significance of a given measure of risk, as for

example, the comparison of the expected number of casualties per year from a

specJfied facility's operation, with that from a. number of other, generally

"accepted" sources of risk; or the appraisal of the risk of such casual ties

in relation to the socio-economic benefits of its acceptance.

Risk Management

The process whereby decisions are made to accept a known risk or hazard or

to eliminate or mitigate it. Trade-offs are made amol18 increased cost,

schedule requirements and effectiveness of redesign. or retrainil18, instal

la tion of warnil18 and safety devices, procedural changes, and contingency

plans for emergency actions.

INTRODUCTION

The application of probability-based decision criteria in explosives safety

management appears to be gaining some ground at present in the military.

Computer implementations of this application as management decision support

systems ar~ being considered. This has been due to the increasingly evident

inadequacies and costliness of the traditionally employed, purely con-
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sequence-orientated, Explosives-Safety-Quantity-Distance (ESQD) safety

decision criteria. In particular, the Navy has carried to the preliminary

["eCluirements definition stage the NOHARM (Naval Ordna.nce Hazards Analysis

and Risk Management) System concept for aiding decision making on the ex

plosi'ies hazards in the tidewater areas of Navy bases (1], (2], (3], [4],

[5]. The Western Space and Missile Center at Vandenberg Air Force Base has

initiated the conceptualization of an analogous system, PERMA' (Probabilistic

Explosives Risk Management Assistance), as a probability-based aid to safety

decision making on rocket launch support facilities [6]. The general

concept of an explosives risk management system is sketched in Figure 1.

While the belief in the value of such explosives (and other hazards, as

well) ["isk management support systems has recently strengthened, it is

nevertheless also generally recognized that the satisfactory implementation

of the risk analysis functions of these systems is not easy, in large part

due to the shortcomings of the data bases and fundamental physical inform

ation available for the carrying out of these functions. Furthermore, it is

well understood that the philosophical foundations for the application of

probability-based safety decision ,criteria where people are concerned are

not yet firmly set, not only in the military but in society at large.

A recently completed re'iiew for the National Science Foundation of risk

assessment methodologies and the uncertainties that arise in their various

forms and applications has attempted to throw some light on these problems

a.nd on the various approaches to their possible resolution, or at least

amelioration, that have been considered [7]. The intention of the present

paper is to draw from this general review some pertinent implications to

explosi'ies risk management procedures. For the sake of brevity, only those

especially critical procedures will be considered here that are involved in

(1) the estimation of the occurrence probabilities of mishaps involving

explosi'ie materials, and (2) the use of risk estimates in the risk

acceptability and risk mitigation cost-benefit evaluations that would be the

basic outputs of explosives risk management assistance systems. The context

of these specific considerations is first introduced in a discussion of a

general risk estimation model and of the general objectives of risk

evaluation.
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The General Risk Estimation Process

Possible losses (fatalities, injuries, property damage, mission delays)

accrue from an explosives handling, transport or storage activity as the

re~ult of certain sequences of events. As illustrated in Figure 2, they may

g~nerally be considered to include the occurrence of a primary event, such

as an equipment failure, e.g., of a crane, that leads to an initiated event

(the occurrence of a particular mishap or accident), such as the dropping of

an ordnance item. A reaction occurs arid a container, such as the ordnance

item's casing, ruptures and releases its material or energy content, and

sene rates thereby one or more possible effects, e.g., a fire, an explosion

of a given yield that produces blast, fragments, etc. When they impinge

upon some target structure (adjacent people, buildings, etc.) these effects

induce certain consequences and losses (number of casualties, etc.). The

effects and losses may occur with a range of possible magnitudes. The

losses may be treated as individual measures (numbers of fatalities,

injuries of specified severities, property damage), or they may be inte

grated into a single measure, such as equivalent dollars.

PRIMARY EVENT ~ INITIATED
~

REACTION. CONTAINER FAILURE
EVENT* AND MATERIAL/ENERGY RELEASE

- - - - - - - -
I CONSEQUENCES AND

r I LOSSES MODEL

PROPAGATION OF I STRUCTURAL/HUMAN fo+ CONSEQUENCES
EFFECTS - RESPONSES AND LOSSES

I

-,
I
I
I

I
I

-f

I
I
I
I

------------ __ J

MISHAP EVENTS MODEL
r - - - 
I
I
I

I

I
I
I

I

I
I
L ~r~;sha~O~u~e~e_

Figure 2. General Risk Estimation Process

The probability of occurrence of each event is then estimated, or, for

effects and losses, perhaps only an average magnitude or a "credible worst

case magnitude" may be estimated. The results may then be combined into a
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risk profile, such as is represented typically by ECl.uation 1 (assuming only

one kind of loss, say fatalities, is of interest). When it is adequate to

do so, (2) this is often compressed in to a single expected loss measure,

which is merely the mean of the probability distribution equivalent to the

risk profile.

Prob* (Loss at least x) =L L L [Prob (Loss at least x I Effect k occurs) •
i j k

Prob (Effect k I Release of material or energy) •

Prob (Release I Mishap type j occurs) •

Prob (Mishap type j I Primary event i occurs) •

Prob- (Primary event i)]

The asterisk in the equation signifies a given unit of exposure for. the

probability, as per year, per operation, etc. A vertical bar indicates that

the probability involved is conditional on the occurrence of the event

following the bar (and is read "given that"). As x is allowed to range over

its possible values the risk profile is built up, as shown in Figure 3.

Risk Evaluation and the Character of Risk Assessment Applications

Risk evaluation is concerned with considera tions of the significance of an

estimated risk with respect to acceptability, and of ways to mitigate the

risk where this is deemed desirable. These considerations relate to a set

of possible kinds of applications of risk assessment, which perhaps may be

usefully defined in terms of the questions below.

(2)An expected value results from the summation of the losses from all
possible events weighted by their probabilities of occurrence. Thus,
a low probability-high consequence event, which may be of the great
est importance to decision makers, may contribute only relatively
little to the expected loss. A hazardous activity could then appear
to be less risky than another because its expected loss is lower but
could nevertheless entail a small chance of larger accidents and so
in fact be of greater concern. This gives rise to the need to con
sider "the tail of the probability curve" as well as its expected
value, or mean, in assessing risks, and so motivates the development
of the risk profile.
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- X** POSSIBLE LOSS. X

*e.g •• per operation. per year etc •• for given
hazardous activity

**X is the expected loss (per operation. etc.).
the mean of the distribution from which the
risk profile derives

Figure 3. Illustrative Risk Profile

• How safe is a particular hazardous activity (i.e., what are its

risks)?

• How does this safety compare with the safety of other activities?

• How much additional safety could be attained for a given cost,

through some set of alternative modifications?

• How much would it cost to attain some required level of safety,

through some set of alternative modifications?

• Which would be the safest means of accomplishing a given objective

(e.g., transport of a given amount of an explosive material in a

year over alternative routes or by alternative modes or by alter

native shipment sizes)?

• Central philosophical issue: is the estimated (perceived?) risk

"acceptable"? What are ways of appraising this?
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TH~ AP?LICABL~ RISK ~STIMATION METHODOLOGIES

Four general risk estimation methodologies have so far evolved: statisticsl

inference, fault tree modeling, analytical/simulation modeling, and sub

jective estimation of risk parameters. (Subjective estimation is also

common in the development of inputs for the first three methodologies.)

For the sake of brevity, the discussion here of the four methodologies is

orientated primarily around their utility in the first phase of an ex

plosives risk ana1ysi<l: estimation of the probability of occurrence of a

mishap W'hile handling an explosive material or item. The determination of

the nature and probabilities of occurrence of an explosive reaction and its

possible effects (blast, heat, fragments, fire, etc.) is the subject of

other presentations of this seminar and, for brevity, W'i11 not be considered

further. Neither will the determination of the possible losses that derive

from these effects (e.g., number of fatalities, injuries, property damage)

be treated here because this makes use of relatively fami1air techniques.

Statistical Inference

The most regularly employed procedure for estimating mishap occurrence prob

abilities is that of statistical inference. However, it is dire6t1y usable

only if an adequate data base exists, with significant sample sizes at the

various levels of the specific hazardous conditions of concern. Also, it

has to be able to be assumed that the past record satisfactorily represents

(or can be modified so as to represent) what the future will hold.

In its basic form, the methodology of statistical inference assumes an

activity's mishaps occur independently and with constant probabilities and

develops estimates of these probabilities. The past record of such mishaps

prOVides the frequency of their occurrence over the record period and thus,

for instance, the frequency per year which is then extrapolated to future

years. If the frequency per operation is desired, the "exposure" in terms

of the number of operations that was accull1ulated during the record period

must be known or estimated. The result is then an inference of the future

probabili ty of occurrence of a mishap as the ratio of the frequency of
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mishaps to the frequency of operations. A confidence interval for the

inferred probability can also be established.

A number of important problems arise in this superficially simple process,

however. First, the estimation of the exposure requires that records on the

operations conducted with the explosive material are kept and are access

ible. Such records are not generally available. Thus, estimates may have

to be made employing samples of operations data, often of uncertain accuracy

or even validity, with liberal judgmental interpretation.

Second, adequate data for a meaningful statistical inference ruay also not

exist on the mishap occurrences. This is always the case for the rare,

potentially catastrophic events that are usually of greatest interest. If

the record of exposure (e.g., number of operations) is great enough it may

be possible nevertheless "to estimate credible upper bounds on the probabil

ities of such events, but these are often too conservative (that is, too

large) to support practical decision making on the control of future activi

ties with just as large or larger rates of exposure.

A third problem area in statistical inference is that of the "stationarity"

of the process giving rise to the mishaps. That is, it must be assumed that

the past record also represents the future (or it is understood how to

modify it so that it Will). There are many reasons why this may not be the

case; e.g., if a mishap occurs once, significant actions will be taken to

decrease the chance of occurrence of such a mishap in the future. Or,

"familiarity breeds contempt," or at least lack of concentration, among

human operators so that the chance of a mishap where humans are involved may

gradually increase over time. An increase in mishap frequency may. also be

due to wear of equipment under inadequate maintenance. The validity of

statistical inferences that do not, or cannot, reflect such considerations

is clearly questionable.

Overcoming fully in an explosives risk management system the problema that

have been noted, and others that could also be brought forward [1], is not

possible. But the situation can be improved by, firat, maki08 the un

certainties that the inference procedure gives rise to as explicit as
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possible, so that the risk management system user can incol."pol."ate them in

his decision process. Second, steps for impl."oving mishap and ex:posure

recordkeeping pl."ocedures can be defined comprehensively, and carried out.

Finally, trend analysis methods can be applied to adapt the probability

infel."ences to the effects of non-stationarity and other dependencies in the

data.

Fault Tree Modeling

This approach synthesizes the possible sequences of events initiated by the

activa tion of some hazard (a "Primary Event") and culminating in a pal."ticu

lar mishap or failure "Top Event" with potentially deleterious consequences

to people, pl."operty or the envil."onment. Its application I."equil."es that all

possible event sequences (system failure modes) will have been tracked back

to their initiating primary events. To realize the full power of fault tl."ee

modeling the probabilities of occurrence of the primary events lind all re

lated action initiations (e.g. ,_ a successful or unsuccessful conduct of a

corrective action) need to be estimated with adequate precision, and the

magni tudes of the consequences accurately predicted. If these requi rements

are met a series of combinatorial probability calculations results in an

assessment of the probability of occurrence of a Top Event and its con

sequences; i.e., the risk deriving from the hazards under analysis.

The principle difficulties with the fault tree procedure are the uncertainty

that all significant event sequences have been considered, and the acquiring

_of sufficiently precise data for predicting, with reasonable accuracy, the

initiating and related action event probabilities. If, nevertheless, fault

tree methods can be applied, at least two important advantages not provided

by statistical inference methods would accrue. First, the input data

acquisition problem would be changed from that of obtaining meaningful

samples of lIli.shaps for all sets of conditions of interest at the activity

level - to that of obtaining only primary event data, such as on specific

failure modes of specific equipments, or procedures. It is, of course,

recognized that primary event probability data generally still require stat

istical methods (and some subjectiVity) to develop properly. What is empha

sized here is that large enough sample sizes, even for different sets of

7l?
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conditions, are clearly much more easily and correctly developed for primary

events than for actual mishap occurrellces. While certainly not trivial,

this problem is at least possible to be solved from standard failure data

sources and, for 'ictivity-specific events, with appropriate recordkeeping

systems, experimentation, simulation and testing.

Second, faillt trees lend themselves conveniently to the evaluation of the

effectiveness of given mitigating measures. Any such measure should be able

to be assessed through the changes that it ."ould induce in the original

falll t tree describing the mishap occurrence that it is intended to prevent,

or decrease the probability of, The evaluation of the effectiveness of

mi tigating measures using statistical models currently requires highly, if

not entirely, subjective postulations of what the changes in the given

mishap records would have been (and, it is presumed, would be in the infer

ence for the future) if the mitigation had been in place during the period

in which the records were acquired.

To gain these and other advantages [7), fault tree modeling techniques for

explosives hazards analysi's, especially, need to be deepened to better

reflect mishap dynamics, including human operator actions. Improved means

are also needed for acquiring activity-specific data on the probabilities of

primary events, including human failures.

Analytical and Simulation Modeling

Analytical and simulation modeling approaches to risk analysis begin with

functional descriptions of the activity or system under study. The oper

ations of the system are then expressed in terms of appropriate performance

parameters that express the functions, and the interaction of the functions,

of system components (human, as well as equipment) and interfacing external

factors. The conditions under which mishaps and their effects occur are

associated with specific combinations of the values of these parameters.

Their probabilities of occurrence and the conseq,uences of their occurrence

are then assessed by means of probability or effects formulas (in analytical

models), through numerical accumulations from repeated runs of system oper-
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ation "scenarios" (in simulation models), or by combinations of both pro

cediJres.

The main problems ~ith analytical models are the need for acceptable simpli

fying ~ssumptions that the derivation of their formulations usually require,

~nd of the related departure of their modeled factors from direct physical

significance. Simulations are better in these regards in that they usually

tend to replicate real-world factors in a fairly recognizable way. However,

to the extent that they avoid arbitrariness in their simplifications, their

complexity and computational requirements increase. The need to repeat many

runs of ' simulated operations in order to derive usable accident statistics

(as in Monte Carlo simulations) exacerbates the computational require

ments. Simulations are, therefore, expensive means for risk analysis (other

than in specific, and limited, data development support roles).

Analytical and simulation models are not usually appropriate for mishap

occurrence modeling, but are applicable primarily to assessments of lllishap

effects and consequences. However, this will not be discussed further here.

Subjective Estimation

The most generally applicable approach to developing risk estimates is that

of subjective estimation by experts. These experts are assumed to be

sufficiently familiar with the detailed circumstances of operations similar

to those of interest that they can meaningfully extrapolate their experience

to new conditions, employing only their individual judgments, in combination

with those of the other experts as, for instance, in a Delphi procedure [8].

Subjective estimation is perceived as inherently a relatively low-confidence

risk analysis methodology. However, this perception may be at least in part

a result of the general lack of appreciation of the perhaps more subtle but

sometimes just as significant subjective elements of the other possible

methodo logies • This has been evidenced to some extent in the preceediI18

discussions of these methodologies. Moreover, "engineering judgment" is

already the Most employed method for at least categorizing hazards in terms

of their qualitative risk levels (expressing relative frequencies of occur-
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r~nce and relative severities or criticalities of possible consequences).

To improve the quantitative subjective estimation process should therefore

be a worthwhile endeavor, even if less formal procedures than, say, Delphi

are considered. How this might be done is next briefly outlined.

Introduction to a Subjective Risk Estimation Process(3)

A Preliminary Hazard Analysis is first performed of the operations of a

facility to identify a set of possible mishaps that have some potential for

leading to explosions. Each mishap has some (unknown) probability of occur

rence (ranging down, possibly, to very small values) each time the operation

during which it can occur is executed. For simplicity here, it is assumed

that for each mishap this probability is the same for any repetition of an

operation and that the occurrence of a mishap during anyone such repetition

is independent of whether or not it occurs in any other.

Each of a group of experts familiar with the operations of interest and the

bases for the identification of the subject set of mishaps is now asked to

list the mishaps in descending order of their frequencies of occurrence per

operation. (4) He is then asked to judge how the frequency of the second

mishap in his list compares to that of the first, and state this as a

fraction, c2, less than or equal to one; how the third compares to the

second, giving a fraction, c
3

; the fourth to the third, c
4

; etc. Finally,

he is asked to give his best estimate of the frequency per operation, f
1

, of

the first mishap on his list, the one that he believes would occur most

often and thus the one whose frequency is easiest to estimate. Its occur

rence may be a quite common event. (Recall that the mishaps of interest

have only some potential for leading to explosions; by no means are ex

plosions expected each time they occur. Such mishaps may occur ordinarily

(3)A basic process for mishap probability estimation is outlined here.
Variations on it, and similar processes for other risk factors, can
also be considered.

(4)This information is sometimes more easily elicited in terms of the
number of times the expert expects an operation would be executed
between mishap occurrences. The relative frequency estimates would
of course be the reciprocals of these estimates.
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but only rarely lead to explosions. The estimation of the probability of an

explosion given the occurrence of a particular mishap is a distinct problem

not considered in this paper; see however [3].)

In this way, each expert arrives at an estimate of the frequency of occur-

rence per operation for each mishap in the list: f 1 , f 2 = c f f
2 l' 3

= c f = c c f ,etc. Note that this has been accomplished with judgments
3 2 3 2 1

only of one relatively common mishap's occurrence frequency and of the ~

parative frequencies of successive pairs of mishaps with relatively similar

occurrence probabilities. The probabilities of even rare mishap occur

rences, all but impossible to esti.mate in isolation, are thus able to be

estimated in a reasonable manner, a principal reason for the use of this

procedure. A simple illustrative example of the technique that has been

outlined is given in Figure 4.

For each mishap, the median (used as the output point estimate) and lower

and upper extremes (used as subjective confidence bounds) of the estimates

of its frequency of occurrence per operation by the several experts can be

determined. If the spreads between the extremes of the estimates for some

mishaps are deemed excessive, the process that has been described can be

iterated by having the group reconsider together the reasons for the differ

ences in the mishaps listing orders and comparative frequency estimates of

the several indiViduals, and then, again as individuals, make such changes

as thea seem justified in the lists and estimates.

The result is the group's overall best point estimates (the median values)

of the identified mishaps' probabilities of occurrence per opera tioa, and

also the ranges of uncertainty that should be considered in the use of these

estima tes as a complete risk analysis proceeds. (These ranges can be con

verted into uncertainty distributions, if desired, to support the derivation

of uncertainty distributions for the ultimate overall risk estimates.)

APPROACHES TO RISK EVALUATION

- Given a set of risk estimates, the problem remains of how judgments can be

made', on whether a calculated risk level for a given hazardous activity is
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sufficiently low for the activity to be insti tuted or continued, or whether

mi tiga tion measures may be needed. The proper selection of the most cost

effective such measures is then also of concern.

Risk Acceptability Evaluation

While no single approach has yet been established that enables a universally

appreciated evaluation of the acceptability of the risk of a hazardous

activity, a number of attempts have been made to develop such an approach.

These are discussed here in· three classes: comparisons to "ambient"/his

torical risks, comparisons to risks of equi-benefit alternatives, and

balancing of risks and benefits.

Comparison to Ambient/Historical Risks In 1969, Chauncey Starr [9J
published the first of many articles on public risk acceptance in relation

to benefits, as revealed by historical data. Expected fatalities per hour

or per year, per individual in various groups exposed to potential accidents

and other deleterious factors, and due to voluntary or involuntary hazardous

activities, were estimated from past data and compared to assessments of the

benefits accruing from these activities. Starr found historical levels of

risk acceptance increased in proportion to the cube of the increase in bene

fits, and that voluntary acceptance levels were about three orders of magni

tude greater than involuntary acceptance levels. (These particular con

clusions have since been disputed. However, Starr's general demonstration

of the dependencies of the level of risk accepted on benefits and on whether

the acceptance is voluntary or involuntary is not questioned.)

Starr's concepts have been extended by many others in attempts to establish

numerical acceptable riSk levels for hazardous activities that provide

specific benefits or meet specified societal needs. These numerical levels

may also reflect the confidence in the risk estimates that are evaluated.

Risk Comparisons of Equi-Benefi t Alternatives - A second risk acceptablli ty

evaluation approach is the standard operations research technique of as

suming some activity must be put in place to satisfy a specific need, and
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than establishing which alternative means of implementing it would give rise

to the least risk. This minimum risk is then "acceptable," by definition.

Balancing of Risks and Benefits - Quantitative procedures exist for express

i08 the risks of a hazardous activity, as well as its benefits, in cOUUllon

economic terms, e.g., present value dollars. However, these procedures

generally entail assuming a "value-of-a-life" (or of an injury or health

insult), and this has been a diffi.cult feature of the analysis to have

a3reement on. If it could be agreed to, it could then be argued that a

hazardous activity was acceptable if the potential losses expressed by its

risks are less than the dollar value (or a' given fraction of this value) of

its benefits.

Evaluation of Possible Mitigation Measures

Mitigation measures may reduce the risk by reducing the probability of

occurrence of a mishap and/or by reducing its consequences should it

occur. Mitigation measures may be procedural changes, equipment or facility

design 'changes, or changes in the locations of the explosives whose presence

and handling induce the risks.

Cost-Effectiveness of A.lternatives - When evaluating alternatives for risk

mi tigation one first compares their effectiveness in terms of reduction in

the estimated risk. Effectiveness can be measured in a variety of liays,

such as the expected number of lives saved, the reduction in expected

property damage, expected mission delay avoided, or, in more complex in

vestigations, differences in selected characteristics of complete risk pro

files. The cost of each alternative is next determined. Usually, the miti

gation which provides the greatest effectiveness within an allowable cost

budget, or the mitigation lihich prOVides a reqUired level of effectiveness

at the lOliest cost, is then selected. (see Figure 5a). In some cases, the

mi tigation that prOVides the most effectiveness per dollar (1.e., has the

highest effectiveness-to-cost ratio) may be preferred.

Cost-Benefits of A.lternatives - If the effectiveness of the alternative

mitigations is first expressed as equivalent expected dollar losses avoided,
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which is generally termed "benefit," then the preferred. alternative is that

oue whose benefit lnost exceeds its cost in cOllllllon dollar terms (see Figure

5b) •

THE TREATMENT OF UNCERTAINTI~S

There are four general techniques available for the treatment of uncertain

ties. The four techniques are:

• The development of statistical bounds (when statistical estimates

are involved).

• The establishment of subjectively-derived bounds;

employment of judgment to appraise the credible

variation of the estimates.

Le., the

ranges of

• The conduct of parametric sensitivity analyses; Le., the re-

calculation of the output estimates as the input factors are

allowed to vary over their ranges of uncertainty. Monte Carlo

techniques may be employed, or, when computing requirements would

be excessive, only selected values (e .g., nominal and worst-case

values) from the input uncertainty ranges might be considered.

• The carrying out of parallel analyses and peer reviews. Risk

analyses should always be at least carefully reviewed by inde

pendent analysts, given the analyses' inherent uncertainties and

subjectivi ties. \{hen resources permit, two or more independent

analyses should be executed in parallel, and their results com

pared. The results will help to define the ranges of uncertainty

tha t can exist in the results. They will also help to decrease

the uncertainties and raise the level of confidence that can be

held in the results in areas where reasonable agreement obtains.

Primarily, these techniques can provide means for illuminating for a

decision maker the possible ranges of variation in the risk estimates (and

the cost and any other estimates, as well) he must deal with. They produce

721



confidence limits or other definers of the uncertainty ranges of the outputs

of the estimation process. The decision maker can then consider whether and

how the potential variability in the estimates might affect his preferences.

The application of these techniques, as appropriate, may also help to reduce

uncertainties by identifying where they are most significant in a decision

analysis, and motivating thereby additional investigations of the factors

from which the significant uncertainties arise.

CONCLUSIONS

Risk analysis is a potentially important component of explosives risk man

,agement systems. Its main' elemen ts are:

1. The structuring of, the problem, which includes selecting a method

of analysis consistent with the characteristics of the hazardous

activity or system of concern, the availability of data, and the

needs and resources of the risk manager involved.

2. The estimation of the relevant risks (i.e., the probabilities of

the consequences of all significant undesired events, with and

without mitigating measures).

3. The evaluation and interpretation of the estimated risks, to

result in the acceptance of a risk or the recognition of a need

for risk reduction measures.

However, much must yet be done towards the reduction and/or better expo

sition of its uncertainties, so as to enable risk analysis to be as useful

as possible in explosives risk management. A primary impediment to its

successful implementation is the inadequacy of the data base for risk est i

ma tion--in both scope and detail. Mishap data are sparse. Also generally

inadequate are operations records as sources of exposure data. Thus, pure

statistical inference methods of risk estimation are not promising. (Some

augmentations may be feasible, however [7].)
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For fault tree lllethods, failure rate data on the equipments involved in the

h~ndling of explosive materials are also generally not available. Moreover,

it is not yet possible to quantify very satisfactorily the extent to which

errors or other variations in the performance of operating personnel affect

the probabilities of mishap occurrence (although this is receiving considsr

sble study by the nuclear pover industry and the Nuclear Regulatory

Commission).

Analytical and simulation models apply primarily to the effects and con

sequences factors in explosives risk estimates and have not been discussed

in this paper. Hovever, they are the subjects of other papers presented at

this Seminar.

A structured subjective estimation process has been introduced that is a

straightforward evolution from the judgment-based, qualitative hazards rank

ing procedures already employed in explosives safety management. +t can

enable the development of numerical risk values and some appraisals of their

uncertanties for use in probability-based risk decision making.

A most controversial aspect of risk management is the evaluation and inter

pretation of the estimated risks. There is a lack of concurrence on the

factors that should be included in the judgments that must be made. In

addi tion to the relevant estimates of hazardous activity risks and mi ti

gation effectiveness and cost estimates (incorporating assessments of their

significant uncertainties), mission importance considerations, and socio

poli tical risks can be of concern. The implementation in risk management

systems of such evaluation approaches as have been noted in this paper can

help to illuminate the judgments that must be made.
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RISK ANALYSIS FOR EXPLOSIVES OPERATIONS
LT COL ALAN C. GRAHAM, JR.

HQ AIR FORCE INSPECTION AND SAFETY CENTER
J

In order to be of any mili tary uti Ii ty muni tions must be
placed at the intended point of use in the quanti ty necessary
and within the time constraints of the situation. For most Air
Force applications, that means on an aircraft ready for launch
or, at the very least, on the base of intended use. However,
many bases, particularly overseas locations, have limited capa
bility because land and money are not available to construct
enough munitions storage and operating facilities to meet all
operational requirements. In addition, traditional philosophy
emphasized "absolute" levels of safety. A.s a result, combat
units must rely on centralized storage ammunition areas in
overseas theaters of operation and CONUS storage for the bulk
of their conventional wartime munitions requirements. In a
short notice conventional conflict, these assets may have no
utility because they will not be available during the first
cr~tical days when they will be needed most.

Eighteen months ago, the Air Force sa{;;£y Center decided
that our conservative safety standards and our traditionally
conser va ti ve in terpreta tion of those standards prevented max i
mum or effective use of existing facilities, and were a
strongly negative influence on readiness and combat capabil
ity. We initiated steps to test our existing criteria and to
eliminate restrictions which' did not provide a measurable
increase in the level of safety. One of our more successful
efforts was the distant runner test which is a discussio~ topic
for another session dur ing this seminar. In spi te of these
efforts to define appropriate levels of risk, there are still
many cases where immediate operational needs cannot be met
using established safety criteria, and waivers to that criteria
are necessary to meet mission requirements. In the past,
requests· for waivers were accepted as a routine fact of life
and no indepth analys is was conducted to quanti fy the addi
tional risk the proposed procedure presented. As a result,
some units accepted high levels of risk for marginal increases
in capability. To correct this, we proposed a methodology for
risk management to prov ide commander s wi th a more def ini ti ve
assessment of the potential effects of a mishap on their
operations.

If we are to become more accurate in assessing operational
risk, we are forced to logically pursue the definition of the
mission. Exactly what are the elements, that is, the people,
equipment, facilities, and operations, that constitute the
mission, and what are the specific conditions under which they
will operate. Based on this definition of the mission, it is
possible to identify hazards and factors or condi tions which
can generate hazards or result in a mishap. We are perhaps,
most familiar with this process in its application to hardware
systems safety. Preliminary hazard analyses, fault trees,
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fai lure modes and effects analyses, and other similar systems
analysis techniques are used to examine the systems, sub
systems, components and their interrelationship as well as
human factors which affect safety. These analytical tools were
developed to assure that no stone remained unturned in the
quest to assu re adequa te desi gn and operational safety. No
less rigorous approach is warranted for the risk analysis of
explosives operations.

Risk is an expression of possible loss in terms of mishap
probability, mishap severity and mission exposure. While there
may be sucn a thing as a risk-free environment, for all prac
tical purposes, a given level of risk exists in all situa
tions. Whether that level of risk is "acceptable" is a purely
managerial decision, and the Air Force explosives safety stand
ards published in AFR 127-100 represent DDESB and USAF manager
ial decisions on acceptable levels of risk for normal munitions
operations. However, commanders at all levels must make this
managerial decision each time they face the safety-operational
necessity confrontation.

Operational necessity cannot be separated from a discussion
of risk because it is the factor which may cause a commander to
"accept" a greater level of risk than is normally allowable.
For example, the need for faster aircraft refueling and reload
ing during combat mandated these operations be conducted
simultaneously which is normally prohibited. The Air Force
conducted detailed systems safety engineering analyses (or
SSEAs) of the simultaneous operations and developed procedures
which represent an acceptable wartime risk. Because we had to
be able to train in peacetime using these procedures, the
analyses also addressed specific hazard abatement techniques
and. procedures necessary to limit risk during practice opera
tions. As a result, we are able to simulate our wartime proce
dures more precisely and will be better prepared for combat.

Each one of us quantifies risk and makes many risk analysis
decisions each day of our lives. Most of them are intuitive,
almost reflex decisions, and the fact we are all still here is
wi tness to the mar velous success ra te we all enjoy. These
i ndi vidual ri sk deci sions we all make impact few people other
than ourselves. However, when we are deali ng wi th explosi ves
operations, the hazard, and the people exposed to that hazard
may, be mul tipli ed manyfold. We can ill a fford to rely solely
on ~intuitive judgment in these risk decisions. We proposed
th is' generali zed risk management model to help commanders and
safety staffs develop more methodical analysis techniques. The
key. to using th is model is the accurate identification of the
thre,e elements of ri sk: mishap severi ty, mishap probabi Ii ty,
and mission exposure. Let's take a brief look at these factors
in relationship to explosives operations.

726



It would be convenient, even comfor ting if we were able to
come up with a neat, mathematical relationship between these
three elements of risk so we could plug in the number sand
crank out a solution that could be compared against a standard,
acceptable risk. There have been several efforts to use this
type of relationship. As an example, during the combat turn
around SSEAs we assigned hazard severity and hazard probability
factors as shown on the chart and used simple multiplication to
determine which hazards needed to be controlled. The standard,
acceptable risk index was 8. Risks, even category I hazards,
were acceptable if the probability was low enough. While this
was a convenient decision tool, the probability index was often
based on "soft" numbers, not hard, engineering data. In prac
tice, we still must rely on subjective judgment to a great
extent, but the proposed model allows greater objectivity and
provides clues to areas where risk can be minimized.

Mishap severity can be thought of as the resultant damage
that can be expected if the maximum credible event occurs and
th is damage is normally quanti fiable, such as aircraft damaged
or destroyed, people injured or killed, or fac ili ties damaged
or destroyed. .

As an example, th is is a map of a combat turnaround area.
The area consists of nine aircraft parking spots with an explo
sive limit of 2344 Ibs NEW each, and four service alleys which
are used to preposition equipment and munitions with an explo
sives limit of 4688 lbs NEW each. Each spot is separated by an
ARMCO, revetment barr icade to prevent simul taneous detonations
of explosives from one potential 'explosion site oi ~PES to
another PES. Because the sites are so close together (Kl.25 in
this case), aircraft in adjacent cells will suffer various
degrees of damage from slight to total destruction from the
initial blast overpressure depending on the distance from the
PES. Although simultaneous detonation would be prevented by
the barricades, the resulting fuel fires may cause propagation
of the explosion.

As you can see on. the map, there are a large number of
facilities located within the 1,250 foot .minimum fragment
hazard distance of the PES. These facilities house. a wide
variety of operations ranging from the squadron operations

. build ing to the flightl ine dining hall. For each facH i ty we
can compute the maximum expected blast overpressure and the
resultant damage expected. For example, this is the dining
hall. It is a wood frame structure located 450 feet from the
PES. There is unbarricaded line of sight from the PES because
of this entry road through the ARMCO revetment wall surrounding
the parking ramp. At this distance (a K-factor of about 27)
the expected overpressure would be 2 PSI. Personnel located in
the building may be injured by direct fragments or secondary
fragments such as broken glass or building debris. The build
ing . wi 11 rece i ve minor blast damage, includ ing broken window
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glass, and direct fragment damage. For the limited quantity of
explosives at the PES, the risk of personnel {njury or facility
damage due to low angle, high speed fragments can be reduced by
construction of barricades at the dining hall. We would recom
mend the use of barricades in this case even though we obtain
no reduction in the safety distance by their use. Note that
many essential facilities are already barricaded to provide
protection from enemy attack. It is convenient that these bar
ricades can also protect us from inadvertent explosions of our
own munitions.

,Let's take a brief look at mishap probability. Although·
soft values were often used during SSEAs, we can arrive at some
"hard" mathematical values here. Before a munitions item is
accepted for use, the Air Force conducts an extensive safety
analysis to· identify failure modes and effects, single point
failures, safe delivery.,parameters and so forth. In general,
this review assures that the probability of inadvertent detona
ti on of any mun i tions i tern is very remote; less than one in a
million. However, we must insure that, in planning munitions
activities, the operational procedures developed do not inten
tionally or unintentionally defeat design safety features.

Now, in general, the explosives safety standards do not
recognize probabili ty--or rather they are based on a probabil
ity of one that the maximum credible event, a high order deto
nation, for example, will occur. The notable exception to this
is the use of public traffic route distances of 60 percent of
the inhabi ted building distances based on the transient nature
of the exposure. We were recently successful in our arguments
before the DDESB that a similar case can be made for thetran
sient exposure of aircraft on a taxiway or runway. Our goal in
thi s case is to prevent damage to the runway or taxi way, and
distant runner showed us K4.5 provided this level of protec
tion. The previous criteria were K-30. If the commander is
willing to accept the very low probability that aircraft will
be on the taxiway at the exact moment of detonation, a large
area is freed for storage of munitions. We believe wider
acceptance of transient exposures and mishap probability is
necessary in order to meet operational needs and maintain
acceptable safety standards. Probabili ty is widely used as a
management decision tool in aircraft design, and its further
extension to the explosives community is the next logical step
in our evolution from black powder safety.

These three factors then combine to define the specific
level of risk for a given situation, and the conunander must
answer the tough question "IS this level of risk acceptable?"
If the risk analys is is thorough, th is answer can be based on
much more than mere intuition. That may not mean the decision
will be any easier to make, but at least the conunander will
have a better understanding of the effects of the decision.
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Once the decision is made, the model leads us to actions
requi red. If the risk is acceptable but current standards are
not met, a waiver or deviation request must be prepared for
approval by higher headquarters. This merely formalizes and
documents the decision process and using the model from the
start simplifies this paperwork significantly. If the risk is
unacceptable we must eliminate or reduce the risk, by modifying
the system, using an alternate system, or canceling the
operation.

In our combat turnaround example, the commander decided to
evacua te nonessential personnel f rom the area of the operation
and to prohibit passenger terminal operations while the combat
turnarounds were in progress. Although a waiver was still
required, the risk was significantly reduced. It is often hard
to get· the point across that waivers, deviations and risk
assessments don't make things any safer, they just help us
understand our weakness more completely. This greater level of
understanding, however, allows us to focus our attention and to
take action to prevent accidents caused by those weaknesses.

In the final analysis, the goal of risk analysis for explo
sives operations must be to provide the maximum operational
capability within acceptable (not minimum) levels of risk. For
too long, we in weapons safety have been a negative factor,
only telling commanders why they could not conduct their opera
tions. Risk analysis offers us the opportunity to be an active
driving force by showing the commander how to do the job better .

. ""
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BUILDING DAMAGES DUE TO AIRBLAST FROM AN ACCIDENTAL EXPLOSION

by

Hansjorg Rytz
Defense Technology and Procurement Group

of the Swiss Federal Department of Defense
Technical Division 6

CH-3602 Thun / Switzerland

ABSTRACT

This paper describes the effects of airblast on buildings caused by an acciden
tal explosion of about 1000 kg of a gelatine explosive in a Swiss explosives fac
tory. The location of the detonated explosive charges and the course of the ex
plosion are briefly summarized. The evaluated building damages are described and
compared with damage criteria given in the literature. The location 'of persons
at the time of the explosion is shown, and their injuries are described. The ap
pendix contains photos of typical building damages and a checklist that was used
to record building damages.

Paper presented to

Twentieth Explosives Safety Seminar, 24 - 26 August 1982
The Omni Hotel, Norfolk, Virginia, USA
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INTRODUCTION

On February 1st in 1982, an accidental explosion involving about 1000 kg of ex

plosives occurred in the "Cheddite AG" explosives factory at Is1eten, Switzer

land',Two persons were killed and a number of employees suffered light injuries.

The factory, founded in 1873 by the Alfred Nobel Society on the occasion of the

construction of the Gotthard railway tunnel is located at a remote place on the

shore of Lake Lucerne.

_.--

Figure 1: Layout of the Cheddite AG, ExpLosives Facto~y at IsLeten, Switze~Land
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The factory encloses nearly 100 buildings which can roughly be divided into the

divisions shown in figure 1.

The extensive damage to the buildings w~s registered and analyzed by the Swiss

Defense Technology and Procurement Group. The primary goal of the investigation

,was to get first-hand and detailed information about the effects of airb1ast on

bui1ding~. This information is used to improve the basis for the quantitative

damage prediction in risk analyses. In Switzerland, such risk analyses are per

formed for the purpose of safety assessment for all military ammunition storages

and factories.

ORIGIN AND COURSE OF THE EXPLOSION

The explosion occurred in a mixing building, shown in Figure 2, in which the com

mercial gelatine explosive Titadyn 45 had been mixed.

As far as it is known from the official investigation, the explosion started when

a person (A) was pumping a mixture of 49 % nitroglycerine, 47 % nitroglyco1 and

4 % Dinitrotoluol (DNT) from a vessel mounted on a small electrically operated

car into a mixing and kneading vessel inside the building. The most likely ini

tial event was the explosion of a few kilograms of this mixture which were left

in the vessel of the car. In a second step, the explosion propagated to a con

tainer with 400 kg gelatine explosive Titadyn 45 standing outside the building.

Then it propagated to the two vessels inside the building, one containing about

100 kg of the mixture of nitroglycerine, nitrog1ycol and DNT, the other one con

taining 400 kg gelatine explosive Titadyn 45.

For the purpose of the evaluation of building damages due to airblast, the TNT

equivalent of the multiple explosions is estimated to be about 1000 kg.

739



wo,k., A (I)

cor for IrOnsporlaliotl
.---- of Nil'09lyze,in

ond NiI,oll'ykol

miIi"9 ven.' wilh
, 50kll Ni',oll'yzerin
. 50kll Nil,oglykol

MIXING BUILDING a
1-----,...--...... I-we!. BU)

COtlloine, ,."h
400 kg T.todyn 45

mi.ing vessel wilh
400kll Mody" 45

mioi"9
moc~.ne

O__i::==:i2__3=:::=J4__5m

Figul'e 2: HOl'izontal section and photos of the mixing building in which the
expLosion occUl'l'ed

OBSERVED BUILDING DAMAGES

The evaluation of the building damages was performed in order to get additional

information for damage prediction models used in preliminary risk analyses. For

this purpose simple and easily applicable models are required which enable a

simple and reliable assessment of estimated building damages. Therefore, no dis

tinction was made between buildings of different construction types, age, etc.

In addition, the damage description was simplified by defining five representa-
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tive damage categories (see Table 1). These definitions closely correspond to

those-th similar· investigations found in the literature. In the appendix, illus

trative examples are given for the damage level of each indiyidual category.

Damage Category Description

A building totally demolished and collapsed

B damage beyond repair and requiring demolition

C seriously damaged; requires extensive repairs before
reusable for any purpose

D Slight damage to windows, glass panels, doors and
roofs

E Minor damage to glass or miscellaneous small items
(similar to damage ca~ed by strong wind)

TabLe 1: Definition of damage categories

The damages recorded for more than a hundred buildings were classified according

to these five categories. Since the mixing building was almost completely sur

rounded by earth barricades, the debris throw from bUil~ing and crater did not

significantly contribute to the damages. Therefore, it can be assumed that prac

tically all building damages were caused by the effects of the airblast only.

Figures 3 and 4 show the results of the classification of the bui.lding damages:
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In Figure 4 the damage categories of the investigated buildings are plotted

against their distance from the center of explosion.
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Figure 4: BuiLding damages versus distance and scaLed distance from the ex
pLosion source

As expected, a large scatter of the data points can be observed in each category.

This scatter can be attributed to the differences in the buildings such as load

. bearing capacity and ductility of the structural elements, building height. form

and material, existence of barricades, etc. All these factors may influence the

actual damage level at a given airblast intensity.

Moreover, it can be observed that the data points of categories D and E some

times heavily overlap. This is due to the fact that the classification of the

building damage at low damage levels is not always clear-cut. Since these damage
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levels are usually not relevant to injuries of persons, this inaccuracy is of no

importance for risk analyses.

EFFECTS ON PERSONS

At the time of the explosion, 39 persons were present at a distance of about

200 meters around the explosion center. 34 of them were inside buildings and five

in the open.

Figure 5 shows the positions of these 39 persons at the time of the explosion.

Besides the two persons who were working in the exploded mixing building and who

were killed instantaneously, only one employee walking at a distance of about

35 m (p ~ 1 bar!) was injured significantly. He was thrown away by the blast

wave and suffered a shock and a few minor wounds. He was hospitalized for two

weeks. About ten persons in the range of 40 to 200 m were slightly harmed by

glass fragments. The rest of the staff was not injured.

COMPARISON WITH EXISTING DAMAGE CRITERIA

The most essential factor for the risk to which persons inside buildings are ex

posed usually is the behavior of the structure. i.e. whether it collapses or not

(limit between damage criterion A and B). This statement can be illustrated by

the heavily damaged, but not collapsed building number 20 (see Figure 5), where

three persons were working. All of them were only slightly injured by glass frag

ments. The inspection of this building showed that a slightly stronger airb1ast

would have caused the collapse of the ceiling which was already half a meter be

low its original position. A collapse would have killed the three persons instan~

taneously.
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PigUr>e 5:

POsition of the e~P08ed persons at the time of e>pto.ion
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Damage category A, being the most important one, has been chosen for comparison

with damage criteria from the literature. The following damage criteria found in

the literature were selected for comparison:

a) Jarrett (Ref. 2, 1968) gives the following relationship for "almost complete

demo1 ition":

r =

r (distance in m) W(charge in kg)

The investigation of Jarrett is based on the evaluation of several acciden

tal explosions.

b) Wilton (Ref. 3, 1966) (and various other authors) take the incident over

pressure as the characteristic value for building damages.

Total demolition of average inhabited buildings occurs at

p ~ 0.4 bar

The investigation of Wilton is based on nuclear and large high explosive

tests.

In Figure 6, the damage criteria of Jarrett and Wilton are presented in form of

the well-known p-I-diagram (pressure-impulse diagram):
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For a charge weight of 1000 kg, the criterion of Jarrett leads to a radius of

total demolition of 28 m. The criterion of Wilton, however, leads to a radius of

55 m. These values are shown in the map of Figure 7:

Outer limits of

damage category A:

Wilton

Jarrett

Figure 7: Outer limits of damage category A

As Figure 7 shows, the damage radius predicted by Jarrett closely corresponds to

the actually observed damage, whereas the prediction of Wilton strongly overesti

mates the effects. The reason for these differences is that for small explosions

the impulse is the important factor for ~he collapse of the building and not the

pressure (see Figure 6).

SUMMARY AND CONCLUSIONS

On the occasion of an accidental explosion involving about 1000 kg of gelatine

explosive in a Swiss explosives factory on February 1st, 1982, an extensive in

vestigation of the damage on buildings by airblast was performed. The primary

goal of this investigation was to improve 'damage prediction models for the pur-
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pose of risk analyses of explosives and ammunition factories. In the course of

this investigation the following conclusions were drawn:

The risk to persons inside buildings due to an airb1ast is determined by the

fact whether the building can withstand the blast load or whether it will co1
1apse.

In predicting the possibility of collapse, the peak overpressure or the im

pulse can be of importance. The impulse criterion is imporiant for relatively

small explosions, whereas the peak overpressure criterion is valid for large
explosions only.

The observed damages to buildings show a considerable scatter. This is due to

differences in construction types, age, height, form, etc.

The experience collected from this explosion is only a drop in the bucket. It

does not allow to draw new conclusions with respect to damage prediction mod

els for buildings. However, it has clearly shown that a systematic collection

of data on building damages could lead to improved prediction models in the

future. Besides an evaluation of explosion events in the past, it would be

most beneficial to collect all information on building damages and the effects

on persons as well as on explosives or other substances (propagation) from

future accidents (see Appendix). The evaluation of actual accidents is still

the best starting point to improve the safety in the explosives industry.
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EXAMPLES FOR BUILDING DAMAGES

CHECKLIST TO RECORD BUILDING DAMAGES

151



DAMAGE CATEGORY A

Building Nr. 23

Distance from
source:
r = 17 m

Incident over
pressure:
p = 2.5 bar

Incident impulse:
i = 15 bar·msec

Building Nr. 22

r 26 m

p1.7 bar

i 10 bar'msec

752
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DAMAGE CATEGORY B

, ~

753

Building Nr. 20

r ='46 m

p 0.55 bar

6 bar'msec

Buil di ng Nr. 72

r = 72 m

p = 0.27 bar
.' Jl~'

i = 4 bar·msec



Building Nr. 19

DAMAGE CATEGORY C

r =
p =

78

0.23

3.7

m

bar

bar'msec

Building "Scheune"

754

r = 105

p= 0.15

= 2.8

m

bar

bar·msec
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DAMAGE CATEGORY D

Building Nr. 29

r = 98 m
p = O. 17 bar

3.0 bar'msec

Building Nr. 67

.,

r = 183 m
p = 0.075 bar
i = 1.6 bar.msec
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Building we

DAMAGE CATEGORY E

r

p

62

0.32

4.7

m

bar

bar'msec

Building Nr. 53
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r =
p =

215

0.06

1.45

m

bar

bar·msec



CHECKLIST TO RECORD BUILDING DAMAGES

Place of Explosion:

Date of Explosion:

Estimated Charge Weight:

Building Nr.:

Photo of

Damaged Building

Location with

respect to Explosion

Description of Type and Construction of Building:

Description of Observed Damage:

Description of Injuries to Persons present during the Explosion inside and
around the Building:

Description of Operation Performed during the Explosion:
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MODELING DEBRIS EFFECTS PRODUCED BY A HIGH YIELD EXPLOSION

A. Longi now* T. E. Waterman** H. S. Napadensky**

*

INTRODUCTION

--Among the objectlves of the study fRe.f-. 1) on which this paper is based
were determination of the combustible/noncombustible makeup and the distribu
tion of debris piles that would be produced in an urban area subjected to a
nuclear weapon attack. This paper describes the method used in meeting these
objectives and illustrates its application by means of an example problem.

THE DEBRIS PROBLEM

Debris, as defined here, is material translated by the blast from a nuclear
explosion. The sources of debris are varied and depend on the local area.
Most debris comes from objects broken apart by the blast, such as buildings~

garages, fences, utility poles, trees, shrubs, cars, etc.; also, whole objects
such as gravel, picked up and transported by the blast wind. Such material can
cause casualties and damage to facilities as a result of high energy impact and/
or accumulation. Debris accumulations in streets can impede or prevent rescue
operations and can also be a source of fuel for the spread of fires.

Knowledge of debris hazards is important to the civil defender who must
identify areas where shelters can be sited and develop rescue plans, firefighting
activities and debris clearance operations. This knowledge is important for
the planner of critical facilities to design and site his structures sufficient)y
far away from potential debris sources.

Debris profiles in the direct vicinity of any given building will depend
on certain characteristics of the neighborhood, i.e., types of neighboring
buildings, their strengths, relative positions, separation distances, sizes,
and contents. Direction, distance and intensity of blast also must be known.

Department of Civil Engineering, Illinois Institute of Technology, Chicago,
IL 60616 (Formerly Department of Civil Engineering, Valparaiso University,
Valparaiso IN 46383)

** lIT Research Institute"'lT IES-E"'ICH INSTITUTE
Chicago IL 60616 ' ~

759

Preceding page blank



A building which does not fail while other buildings in its vicinity fail
catastrophically may serve as an accumulator for some portion of upstream debris.
The debris will pile up on its windward side and possibly inside the building it
self. Should this building contain a basement shelter with an air intake located
at ground level on the windward side, debris accumulation could block the vent.
Also, depending on the composition and state (burning, smoldering) of this debris,
the shelter may fill with toxic gases and smoke, and the shelter building may be
ignited.

The local composition of a debri's pile depends on a number of different
parameters. Among these are the flight characteristics of individual items of
debris and the extent to which they. interact with each other while in transit.
At a given accumulator, the debris from an upwind building may be segregated;
with light, combustible debris at the bottom and heavy combustibles intermixed
with noncombustible debris at the top of the pile. One can also postulate a
situation in which the debris from the breakup and contents of a building are
essentially segregated in terms of combustibles and noncombustibles.

Parameters that need to be considered in a local debris distribution analy
sis of a single building or group of buildings can be categorized as:

1) Building and neighborhood geometry (building heights, plan areas,
separation distances, etc.)

2) Loading on building components and contents.
3) Failure characteristics of building and components (failure modes,

failure loading, time to failure)
4) Physical characteristics of debris (size, shape, weight)
5) Aerodynamic characteristics of debris (drag and lift coefficients)

PREVIOUS HORK

"Debris production and distribution" has received a fair amount of atten
tion among the agencies concerned with different aspects of this subject area.
Experimental (field) studies conducted over the past· two decades have dealt
with the fracturing and destruction of individual buildings of brick, concrete
masonry and wood framed construction, free standing masonry walls with and
without mortared joints, trees, cars, special structions and equipment, etc.
(Ref. 2 through 9). No field test work has been done on groups of buildings
representing urban or suburban blocks or neighborhoods.

liT IESEAICH INSTITUTE
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Concurrent with field studies. debris-related work was conducted in the
laboratory using various shock tubes. The URSshock tunnel has been used ex
tensively in the civil defense area to study the fracture strength of conven
tional masonry walls having various perimeter conditions.

Concurrent analytic studies in the civil defense sector have dealt with the
gross distribution of debris, taking into account large urban areas and numerous
building types (Ref. 10. 11), debris clearance studies (Ref. 12.13). debris
formation and translation (Ref. 14, 15, 16). Comparatively little work has
been directed at the combustible/noncombustible distribution within debris piles.

PREDICTING THE DISTRIBUTION OF BLAST-INITIATED DEBRIS

Loading and Response Analysis - The analytic process for determining the "inci
pient collapse" of a building and the corresponding debris characteristics is
illustrated in Figure 1. Jt is described as follows:

Given a nuclear weapon attack condition, the first step is to determine the
free field airblast environment at the location of the building. In this step
the ideal airblast wave is modified by considering the influence of local ter
rain features such as neighboring buildings or other obstructions. Pressure
time histories acting on the external portions (walls. doors, roof. etc.) of the
building are determined by further modifying the local blast environment as in
fluenced by the building geometry.

Buildings contain numerous openings (doors. windows); therefore. the
building will be subjected both to external pressures and internal fill pres
sures as the blast wave progresses through and engulfs the building. A method
for determining average fill pressures and flow velocities in rooms having
simple geometries is given in Ref. 14.

Having determined the time dependent net loading on the building and on
its individual components. the next step involves a structural response analysis.

Buildings consist of closed networks of beam. column. and plate elements.
Analysis of the structural. dynamic response of such a network as a continuous
structure is currently a practical possibility·only for sufficiently simple
geometries and loading; then only if elastic response is sought. For this rea
son. and in order to produce usable results in the shortest time. the building
analysis process is generally a step by step procedure which considers only
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the dominant modes of response and relies heavily on experimental data~ In
this approximate approach, the building is decomposed into its principal and
subsidiary components. Subsidiary components are those which do not affect the
response ~f the building as a whole to any significant degree, but which are
still debris-producing. These are handled separately. The principal components
are loaded using the net, time-dependent loading determined as described pre-:
viously. Support conditions are approximated to correspond to those of the
actual, combined structure. The response analysis proceeds on a component by
component, time step by time step basis. Since the loading acting on each com
ponent in this chain depends on the net loading and response of adjoining compo
nents, the analysis is necessarily an iterative procedure as indicated in Figure 1.
The end result consists of a debris catalog containing the size, weight, original
location, etc. of each debris piece to be used in the transport-trajectory analy
sis.

Relationship of Debris to Building Damage - Unless a building is completely des
troyed, only the parts of the structure that fail under blast loading (plus the
contents of the failed part of the structure) become debris. Except for wood~

frame and load-bearing masonry buildings, many buildings have relatively light
walls and partitions that will fail at a much lower overpressure than the frame
itself. Figure 2a is a typical "debris chart" (Ref. 11). Points 1 and 2 are

the initiation and completion, respectively, of failure of frangible (diffrac
tion phase sensitive) elements such as panels, doors, suspended ceilings, etc.
The location of these points is relatively independent of weapon yield. The
plateau from point 2 to point 3 is caused by the difference in overpressure be
tween the fi na1 fa i·' ure of the frangi b1e parts of the buil di ng, and the start
of failure of the drag-sensitive (ductile) portions of the building. The loca
tion of points 3 and 4 is determined by the failure characteristics of the main
structural system, point 3 representing the overpressure at which elements of
the main structural system would begin to fail, and point 4 representing the
overpressure for complete destruction. The location of points 3 and 4 is
weapon yield sensitive. Figure 2a shows the pattern for a multistory frame
building for both l-MT and 25-MT weapons. The height of the plateau is deter
mined by the portion of the total building represented by the frangible parts
and the contents of the above-ground floors.
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Wood-frame and masonry buildings have very little ductility and points 2
and 3 practically coincide, eliminating the plateau effect. Figure 2b is a
debris estimate for wood-framed residential buildings. Debris begins to form
at about 2 psi and the building is completely collapsed at 5 psi. Load-bearing
masonry structures may fail at somewhat higher overpressures but the debris
chart looks ve.ry much like that shown in Figure 2b.

Debris Trajectory Analysis - Data Regui.rements

The input data and information required for the trajectory analysis are
described in Figure 3. These include a physical description of the debris,
such as its size, weight and geometry, and any other pertinent characteristics
which can be determined such as moment of inertia. Secondly, the initial free
flight characteristics of the debris must be established. These include the
time of release of the piece of debris into the blast environment, its location
at the time of release, and initial motion data. These categories of input
data are generated in part from the specific response analysis discussed in the
preceding section, or estimated from experimental data.

The trajectory calculation also requires aerodynamic data on the class of
debris shapes encountered. These data include drag and lift coefficients,
each as a function of orientation angle (angle of attack). The data must in
clude all orientations since most pieces of debris will be expected to tumble
and rotate as they are transported through the air.

The blast wind is the primary driving force in the transport problem (which
also includes gravitational effects) and a satisfactory treatment of this vari
able has already been.developed (Ref. 17) and is used here.

Any piece of debris which impacts with the ground plane during the early
portion of the blast environment may bounce, i.e., not be captured, and even
if much momentum is lost as a result of the impact the aerodynamic forces will
generally be sufficiently large to loft the piece of debris and cause it to be
transported some additional distance. Once lofted, the piece of debris will
acquire additional momentum and again represent a hazard.

Debris Trajectory Analysis - Transport Model - A simple rectangular block free
to translate and rotate in two dimensions is used to represent a piece of debris.
It is defined by four corner points. Symbols representing its dimensions are
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shown in Figure 4a, and include 01, the vertical distance from corner point 1
to the center of gravity; 02, the vertical distance from corner point 2 to the
center of gravity; H, the total height; 51, the horizontal distance from corner
point 1 to the center of gravity; and 52, the horizontal distance from corner
point 2 to the center of gravity. Additional parameters needed to describe a
piece of debris include its width (normal to the plan~ of the paper), weight
and mass moment of inertia. The model, therefore, requires that an irregular
piece of debris must be idealized by means of a rectangular solid.

Blast loading consists of diffraction, drag and lift forces. Time depen
dent diffraction loading is applied as shown in Figure 4b and consists of forces
acting at the center of each of the four planes. These forces are computed
as follows:

P12 = 1/2(Pl+P2) (51+52) W

P23 = 1/2(P2+P3) H'W

P34 = 1/2(P3+P4) (51+5 2) W

P41 = 1/2(P4+Pl ) H'W

Where Pi(i = 1,4) are pressures in the blast wave acting at the corner points
and Wis the width normal to the plane of the paper. The net effect of this
loading vanishes once the shock clears around the block.

Drag and lift forces are applied as shown in Figure 4c and are defined as
follows:

Drag force: 0 = q(t)Ad(e)

Lift force: L = q(t)A~(e)

(2)

(3)

(4)

(5)

where q(t) is the dynamic pressure of the flow and Ad andA
1

are
pending drag and lift areas which are expressed as follows:

Ad = Admin + (Admax - Admin)sin2 (e - ~ )

Ai =Aimaxsin(2e-rr)

position de-

Admin' Admaxand Aimax are respectively the minimum drag area, the maximum drag
area and the maximum lift area of the rigid block. They are obtained by multi
plying the actual areas by appropriate drag and lift coefficients (Ref. 18).

As shown in Figure 4c, the drag force is assumed to act at the center of
the projected horizontal area. Its eccentricity (~) is
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(6)

.
y. <0 and y.<O

1 1.
y. <0 and y.>O (7)

1 1-

Yi >0

The lift force is assumed to act at the center of gravity (c.g.) and, therefore,
has no associated eccentricity.

The. final set of forces which may act on the piece of debris are contact
forces which occur on impact with either a horizontal or a vertical surface.
These contact forces are broken down onto the horizontal (H), and vertical (V)
components acting at the four corner points of the block (see Figure 4d).

The .follov/ing forces apply (where the subscript i refers to the specific
point in contact: i = 1,2,3 or 4.

For contact with floor:

Vi =-KL Yi

=-Ku Yi

= 0

Hi = lJVi ({xi I Ix i )

where

For contact with wall:

H. = KL (xi - ><w)1

= Ku(x.-x )
1 w

= 0

V. = lJHi q9i I19 i)1

x.<x
1 W

and x.<O
1-

(8)

Xw coordinate of the wall
KL spring constant for loading
Ku spring constant for unloading
lJ coefficient of friction

The governing equations for computing the trajectory of the block are given
as follows:

MX = D-Hl-H2-H3-H4+P12sine -P23cose -P34sine +P41cos (9)

MY = L+Vl+V2+V3+V4+P12cose +P23sine-P34cose-P41sine-Mg (10)
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I~ = D~ + Hl(Dlcose-Slsine) + H2(Dlcose+S2sine)

- H3(D2cose-S2sine) - H4(D2cose+Slsine)

+ Vl(Dlsine+Slcose) + V2(Dl sine- S2cos e)

- V3(D2sine+S2cos e) - V4(D2sine-SlcosS)

- P12((S2-S1)/2) - P23 (H/2-Dl )

+ P34 ((S2-S1)/2) + P41 (H/2-Dl )

In equations (9), (10) and (11):
M= the mass of debris piece
I = the mass moment of inertia

(11)

The other parameters are as shown in Figure 4 and defined previously.

ILLUSTRATION OF DEBRIS DISTRIBUTION ANALYSIS

The building used in the analysis is shown in Figure 5 (Ref. 14, 21). This
is a small, two-story office building whose basic building module has plan dimen
sions of 13-ft by 23-ft. The building consists of eight basic modules. The
structural system is a reinforced concrete frame. Roof and intermediate floor
consist of one-way reinforced concrete slabs. In the long direction the building
is enclosed by unreinforced concrete masonry walls and window walls arranged in
a staggered pattern. Exterior walls in the short direction consist of masonry
without windows. Each module of the building is assumed to contain furnishings
l'ihich include a sofa, a table, t~/O arm chairs, four small chairs and a desk. The
sizes and arrangement of these items in the room is described in Ref. 14 and 21.

The building is assumed to be located at the S psi" range of a l-MT near
surface burst. Its front wall (see Figure Sa) is oriented at right angles to
the direction of the blast wave. At this range the longitudinal masonry walls,
which have an incipient collapse overpressure of 0.5 psi, will fail catastroph
ically as will the transverse studwalls. The structural frame, including floor
and roof slabs and the transverse masonry walls, are expected to remain in place.
Debris will consist of broken, longitudinal masonry walls, transverse studwalls
and furniture. Window glass will become debris; however, its transport is not
con~idered in this analysis.

Before a debris transport analysis can be performed, it is first necessary
to determine the number and size of primary pieces of debris that will be
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produced when a given wall interacts with the blast wave, and the number and
size of secondary pieces that will result when a primary piece impacts the floor.
This was determined using experimental data.

The initial crack pattern chosen for the longitudinal masonry walls is
shown in Figure 6a and corresponds to experimental results (Ref. 19) for a sim
ply-supported masonry wall having the same dimensions. This figure shows the
primary pieces produced when the wall interacts with the blast wave. An assumed
secondary debris pattern is shown in Figure 6b. Each primary piece is assumed
to break up in pieces having four different sizes, i.e., one-, two-, three- and
four-block sizes. These sizes correspond approximately to those obtained in the
URS shock tunnel for similar walls.

A debris catalog was prepared in which each piece of debris was described
in terms of the data required by the transport model (See Figure 4), x,y,z coor
dinates of its center of gravity relative to one corner of the building, and
time of separation. Initial velocity was set equal to zero. Time was taken to
be zero when the blast wave was coincident with the plane of the front of the
building, and, therefore~ the time of separation for the front wall was also
zero. The actual time to failure was estimated to be 0.04 sec. This was con
sidered to be small in comparison to the positive phase duration of th~ blast
and was~ therefore~ neglected. For the other items, furniture and the back wall,
the time to separation was computed using the shock velocity and the distance
from the front wall to the center of gravity of the given items.

The, first part of the analysis dealt with the primary wall pieces (Figure 6a);
their motion was traced until each piece touched the floor or the ground plane.
At that point it was assumed to break up into the preassigned number of second-
ary pieces (Figure 6b). The initial conditions of forward distance, velocity,
acceleration and time~ were those for the center of gravity of the primary
debris piece, the other two coordinates were pre-assigned. The, transport of
each secondary piece was continued until its velocity became smaller than a pre~

assigned v~lue. The final positions of wall debris produced by one half of the
building (the four modules shown in Figure Sb) are shown in Figure 7. Only
masonry wall debris is included. Furniture items and studwall debris traveled
significantly greater distances. The debris from the four walls are identified
in Figure 7. Two of the walls are similarly identified in Figure Sb.
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The debris from segments 0 (Figure 6a) of the two front walls travel an
average of about 18 feet and remain within the building. The longest distance
(about 100 feet) is traversed by the smaller pieces (one block in size) from
the upper rear wall.

Calculations indicate that it takes approximately 0.04 sec for the wall to
reach incipient failure, i.e., to form the crack pattern shown in Figure 6a.
An average of 0.50 sec is then required for the individual (large) pieces to
impact with the ground plane. Approximately 3 seconds would elapse from the
time of wall failure to the time all of the pieces shown in Figure 7 come to
rest.

Velocity histories of furniture items are shown in Figure 8. These curves
contain numerous jumps indicating impacts with the ground plane. These items
were assumed not to break up while in motion. Furniture debris were transported
significantly faster and further than masonry wall debris. The longest trans
ported distance was 330 feet for the table, and the shortest was 164.5 feet for
the chair. The presence of an accumulator (stronger structure) in the path
of the debris would create a pile with a high concentration of furniture near
the ground against the accumulator, covered by a layer composed primarily of
masonry. The order of arrival of debris pieces at any given accumulator loca
tion can be extracted from calculated position-time data for each debris piece.

CLOSURE

The method described provides a basis for determining 1) the makeup of
debris piles from various debris sources, 2) the hazard to a facility due to
debris impact and/or debris accumulation.
2. The task of accounting for each piece of debris as was done here is
tractable when the source is relatively small and isolated. However, when
dealing with a group of different buildings, the task of cataloging of debris
piece by piece is impractical; and, unless gross simplifications are made, in
all likelihood impossible. It is much more reasonable to consider groups of
debris with average properties. Statistical distributions of debris within
these groups can also be considered.
3. The building debris became segregated, e.i., the heavy noncombustibles
remained relatively close to the building while the lighter, mostly combusti
ble debris were transported significantly further.
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4. Debris transport is sensitive to the peak overpressure of the blast wave
at the affected location. Transport distances tend to increase at a rate
greater than a linear function of peak overpressure.
5. Debris transport is sensitive to the weapon yield when the debris are
sufficiently light and peak overpressures sufficiently high to keep the debris
piece in the air long enough to be affected by the longer overpressure dura
tions of the high yield weapons.
6. Most debris produced by a high yield weapon would spread apart as carried
along by the blast wave. This would result in a deposition of debris in a
fan shape originating at the source. The fan angle would be approximately 30
degrees (Ref. 20).

The two-dimensional (vertical plane) model used here does not allow for
such dispersion. In this study an angle smaller than 30 degrees was chosen
and the final debris positions were adjusted accordingly (see Figure 7).
7. Closely spaced debris sources may result in a lesser area covered by debris
than that predicted assuming each source is isolated. This is due to shielding,
accumulation, and interaction of debris with debris.
8. For larger weapon yields the distribution of debris at a given overpressure
will increase because of longer pulse duration.
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Response of the Flash X-Ray
Building at Site 300 to

Explosions on its Firing Table

ABSTRACT

The response of the new high-explosive Flash X-ray Radiography Facility at
Bunker 801 at LLNL Site 300 to explosions on its firing table has been measured. Seven
charges of the high explosive C-4, with increasing weights of from 18 to 585 lb, were
detonated. Charges were placed on a pea-gravel firing table on the radiographic axis 10 ft
from the face of the steel bullnose protection plate. No noteworthy damage to the new
building or its installed ~quipment occurred during these tests.

Strains on 46 strain gauges were recorded during the explosive tests. During
construction of the facility, these gauges had been welded to the steel reinforcing bars in
various locations, or suspended between them, and were then embedded in the structural
concrete. The gauges recorded strains as high as 220 jlin./in., which is equivalent to a
stress of 5600 psi in steel. All elements of the structure remained well below their elastic
limits, and should remain within these limits when subjected to detonations of up to
1000 lb of TNT on the firing table. .

The measured strains were less than those given by simple engineering calcula
tions by factors of from 1.7 to 3.9. Several safety factors and conservative simplifying
assumptions were included in the strain calculations, and this may account for the large
dif ferences.

~k is underway with more elaborate structural-analysis models that use the
laboratory's la'rge digital computers. Future experiments and computer modeling should
yield better agreement between theory and experiment.

INTRODUCTION

The design of LlNL buildings to wi.thstand
blast follows a fairly rigid procedure. Early in the
process a firm of architects and engineers (A&E) is
hired, meetings with laboratory staff are held to
define requirements, and the A&E contractor
designs the buildings according to our criteria. The
contractor sometimes hires consultants to assist in
the design of special facilities; this was done in the
design of the recently completed high-explosive
Flash X-ray Radiography Facility (FXR).

The design goal was to produce a structure
capable of withstanding repeated detonations of
1000 Ib:of TNT on a gravel firing table 10 ft in
front of the bullnose.
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The Laboratory has conducted explosive tests
near structures for about 30 years. It was realized
early in the construction of FXR that our
knowledge about structural response to blast could
be improved if instrumentation were installed in
the roofs and walls of FXR before the concrete was
poured. The strength of FXR could be
demonstrated and compared with design calcula
tions, and explosive tests of different weights,
geometries, and locations could provide useful data
for the design of new structures.

Accordingly, 61 strain gauges were installed
on and between the reinforcing bars and embedded
in the concrete, and 8 accelerometers were mounted
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at various locations in the completed building. (Of
the bl strain->gauges installed, 49 survived the con
struction process; we had enough channels to
record results from 40 strain gauges.) The locations
of the strain gauges are shown in Fig. 1 and in
Figs. A-I through A-S in Appendix A. The loca
tions of the accelerometers are shown in Fig. 8-1 in
Appendix B,

Seven high-explosive charges, weighing up to

SBS lb, were detonated at the shot point shown in
Fig, 1, and the response of the structure was re
corded. The measured strains were lower than
those predicted by rapid-analysis calculations by
factors of from 1.7 to 3.9. Some reasons for the dif
ferences between experiment and theory are
suggested in the section "Discussion of Results.",

The only damage caused by these tests was the
shattering of a plastic cover on an outside lighting
fixture. The building and its installed equipment
were unaffected.

The following sections describe the tests and
the data analysis, compare the observations with
the results of simple calculations, and give our con
clusions. The appendices give technical data on the
strain gauges and accelerometers, summarize the
strain-gauge data, and show calculations we did to

supplement those done by the design consultants,
Microfiche records of the actual data, after
smoothing by computer, are included.

,I'

1
N

FIG. 1. The FXR addition to bunker BOlA (plan view). Test explosives were placed on a gravel firing table
at the shot point in front of the bullnose. The optics room is completely below the firing-table surface; it was
covered with an IS-in. layer of gravel for all shots but one.
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FLA$,H X-RAY FACILITY TESTING,

HIGH-EXPLOSIVE CHARGES

C~4 explosive l was used for the testing

because its heat of detonation is near that of the

common PBX-9404 explosive and because its

putty-~ike consistency makes assembly cheaper
since machining is unnecessary. C-4 is 91 % RDX

mixed wi th 5,3% di (2-ethylhexyl)-sebacate, 2.1%

polyisobutylene and 1.6% motor oil.

The heat of detonation of PBX-9404 is 1.313
kcal/g; the heat of detonation of TNT is 1.09

kcallg. Reference 1 does not ..tabulate an ex

perimental value of the heat ofd~:t'onation for C-4';'

we assume its heat of detonation is equal to that of

PBX-9404, because the calculated heats of detona

tion are nearly the same, 1.59 for C-4 and 1.56 for

PBX-9404 The ratio of the experimental heats of

detonation of PBX-9404 and TNT ranges from 1.25

to 1.27, depending on the observer (see Ref. I). A

rounded-up ratio of 1.3 was adopted for the pur

pose of calculating TNT equivalent weights, with

C-4 assumed equivalent to PBX-9404.

Except for the 585-1b charge, the C-4 was

packed into cardboard or sheet-metal cylinders

with length-to-diameter ratios (LID) of about 1.

The 585-lb charge was built up on a wooden pallet,

bag by bag, in an approximately right-circular

cylinder of LID = 1. To adjust the shot height, we
placed the smaller charges by hand on plywood

boxes;"the larger charges, supplied on wooden

pallets, were maneuvered into position with a fork

lift truck.

All charges were center-detonated. The

charges were placed so their centers were on the

axis of the linear-induction accelerator (LIA) and

10 ft from the exterior surface of the A-36 steel

bullnose cover plate. The space in front of the

bullnose adjacent to the optics room was filled with

pea gravel about 15 ft deep, forming a firing-table

surface about 2 ft below the LIA axis. The top few

feet of pea gravel in the blast area was replaced af

ter each shot. The firing table is shown in Fig. 2.

In shot 413, the pea-gravel surface was only

about 6 in. below the LIA axis, so a hole about

18 in. deep and 6 ft in diameter was dug to bring

the center of the ex plosive to the L1A centerline.

This seemed -merely an expedient at the time; we
did not recognize that we had barricaded the shot.

184

In shot 414, which used the same weight of C-4

(182 lb), we levelled the entire firing table surface.

(We also removed a 21-in. pea-gravel cover from

the optics room roof to investigate static loading

and the blast-attenuating properties of gravel.) The

remarkable differences between the da ta from the

two shots simply exhibit the effects of barricading.

We thought it prudent to fire shots of increas

ing explosive weight. We chose 585 Ib as the max

imum weight because it was the largest pressed

PBX-9404 spherical charge available and because it

. represents a practical maximum for the bunker

during the next several years. The weights of the

smaller charges were determined by the capacities

of the containers available to hold them-55-gal oil

drums, paper shipping drums, lard cans, and ice

cream cartons.

The charges fired and the corresponding shot

numbers are listed in Table 1.

TABLE 1. High-explosive charges fired, and

equivalent TNT charges.

Shot Weight Equivalent
No. of C-4 weight of TNT

RKM- Date fired (Ib) (Ib)a

408 12/22/80 18 23

409 12/22/80 18 23

410 01/07/81 69 90

413 01/12/81 182 237

414 02/17/81 182 237

415 01/13/81 325 423

416 02/11/81 585 761

aWeight of C-4 X 1.3: see text for the derivation of this
factor.

PRECAUTIONS

Precautions taken to minimize damage in
cluded the following:

• The fire sprinkler system was turned off
before each shot, although water pressure was

maintained in the lines. This was to minimize the
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FIG. 2. The FXR building during construction showing the bullnose, the gravel firing table in front, and
the buried optics room on the left. The 4-ft-square opening in the bullnose had not been covered with its
steel-and-plywood sandwich when this photograph was taken. Gravel has been removed from some of the
optics ports, revealing circular temporary covers. The top edges of buried naval armor plate can be seen
around the long side of the optics room and partially around the short side. This armor protects the turning
mirror equipment and the tops of the optics ports from shrapnel. The armor ~xtends 15 to 20 ft below the
gravel table and is separated from the optics room wall by 2 ft of gravel, which may substantially mitigate
ground shock.

chance of water damage to the partially constructed
linear induction accelerator, particularly to the
many very clean electronic components that were
still exposed. Fortunately, no water leaks occurred.

• The large doors at the west end of the new
building are held closed by small bolts and striker
plates o,f only a few in. 2 area. If the fasteners had
failed during the negative phase of the blast wave,
the swinging. doors could have been damaged.
Aluminum channels with styrofoam pads were
therefore placed across the doors and bolted
through the concrete walls. The styrofoam was

placed in the 2-in. space between the channels and
the doors with neglible compression.This is shown
in Fig. 3. The intention was not to prevent the
doors from opening, but rather to test the fasteners
and to prevent damage if the doors did swing open.
The fasteners held, and the styrofoam was un
marked, but the lower striker plate on the larger
door suffered some coining and plastic deforma
tion.

• The bullnose opening was closed by a
sandwich of plywood and steel plates held on by 48

breakaway bolts. The shots in which the HE was
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FIG. 3. As a precaution, fittings were installed at the rear doors of the accelerator building to prevent
damage if the latches failed during the negative-pressure portion of-the blast wave. The aluminum channel
loosely held a strip of 2-in.-thick styrofoam against the doors. The latches did not fail, so these precautions
probably will not be used again except for very large explosive charges.

-cased in sheet metal caused some cosmetic pitting
of the front 6-in.-thick steel cover, so sheets of
scrap plywood were stacked in front for the heavier
shots. For the 585-lb shot. two layers of pea-gravel
bags were put in front of the bullnose to reduce the
rebound forces on the breakaway bolts. Details of
the bullnose sandwich. the method used to hold it
together. and'its performance are discussed in the
next section.

BULLNOSE DESIGN

The bullnose design adopted for the FXR
building was a result of experience with the struc
ture of Bunker 851. including its early failure and

- successful rebuilding. In addition. facilities con
structed for similar purposes were visited and com
pared: these included the Phermex installation at
Los Alamos National Laboratory, the British
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TABLE 2. Bullnose bolt elongation in 325-lb and
585-lb shots.

plications it is important to have the x-ray target as
close to the shot as possible while still providing
shrapnel and blast protection for the accelerator. In
FXR this requirement was met by providing a 4-ft
square opening in the bullnose to accommodate
electron-beam-transport equipment and the x-ray
producing target hardware. For the tests reported
here, the opening was closed by a sandwich of
plywood and steel plates held on by 48 breakaway
bolts. This is shown in Fig. 4. In actual use the
sandwich will be pierced to allow emergence of the
x-ray beam, and the opening will be covered by
light-weight x-ray transparent materials.

When the bullnose is dynamically loaded, the
pressure forces on the front face compress the
various construction materials and store elastic
energy. As the blast wave dissipates and the
pressure decreases, the compressed materials ex
pand and accelerate the front steel plate back
towards the firing table. The momentum thus im- .
parted to the plate results in tensile stresses in the
bolts holding it on; when the forces are. high
enough, the bolts are elongated. The bolts are
designed to fail in tension and/or bending to avoid
damage to the cast-in-place permanent bolts. A ~lt
is shown in Fig. 5, and the result of a laboratory
tensile test to failure is shown in Fig. 6. The yield
point in the tension .test was 50 ksi; the elongation
was about 35%, corresponding to about 1.5 in. total
extension to failure in the reduced-section region of
the bolt.

After each shot, the bolts above the level of the
firing-table gravel were removed and measured to
see if their yield point had. been exceeded. No
elongation occurred until the 325-lb shot. Some
elonga tion occurr.ed in the 585-lb shot, even
though gravel bags were used in front of the
bullnose in that shot. The data are shown in
Table 2. The important result is that the total

facilities at Aldermaston and Foulness, and the new
x-ray facility at Moronvilliers, France.

At LLNL's !inac Bunker 851, the bullnose is a
monolithic, hollow, 300-ton steel-reinforced con
crete structure. The bullnose is not fastened to the
bunker, but is free to side on its own foundation. It
is hollow to accommodate the linac beam-transport
equipment and the x-ray producing target
hardware. Rubber bumpers partially fill the 8-in.
space between the bullnose and the bunker wall.

When th~ Bunker' 851 bullnose was tested
with explosives when it was completed in 1960,
concrete was spalled from the inside front face.
This occurred because the initial compressive shock
reflected as a rarefaction from the interior con-

.... crete/air impedance mismatch, resulting in tensile
stresses high enough to cause bri ttle failure of the
concrete. The repair consisted of rebuilding the
front 2.5 ft with much more reinforcing steel and
facing both inside and outside surfaces with steel
plates of enough tensile strength to prevent spall.
Through-bolts in plastic pipe were embedded in the
matrix, and their nuts were torqued to several hun
dred ft-Ib after the concrete cured.

A sandwich of plywood and steel sheets with a
4-in.-thick front plate of case-hardened steel ar
mor, attached to the bullnose with breakaway bolts,
forms the primary shrapnel-protection and blast
mitigating structure for the Bunker 851 bullnose.
This construction has performed quite well for
20 years. The armor plate is replaced every few
years when shrapnel damage becomes excessive.
The breakaway bolts have broken several times
during rebound: the plate simply tilts over in the
gravel and is set up again and rebolted.

In 1977, the French constructed a steel
reinforced concrete building at Moronvilliers to
protect a new flash x-ray machine from blast and
shrapnel damage. Their building is about 24 ft high
and 31 ft wide. The bullnose is an integral part of
the construction; its front face consists of two ver
tical planes that meet at right angles, so it looks like
the bow of a ship. The concrete there is 4 ft thick
and is pierced with a steel-cased hole for the
emergence of the x-ray beam. Armor plate covers
the concrete where it is likely to be damaged. The
bui1ding has withstood many nearby explosions.

The FXR bullnose design combined the
economical integral French style of construction
with the through-bolted steel-plate anti-spall
features of the Building 851 bullnose. For some ap-

Shot
No.

415

416
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C-4
weight

(Ib)

325

58S

Minimum
elongation
(JIin./in.)

0.003

0.026

Maximum
elongation
l!< in./in.)

0.027

0.131

Average
elongation
(j.in./in.)

O.OlS

0.093
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FIG. 6. Stress vs strain in a laboratory test of a breakaway bolt.

averilge overall bolt elongiltion in these tests,

O.1-t7 in., is far less than the 1.5-in. total elongdtion

to failure in the laboratory tension test.

AFter the tests were complete, the steel-dnd

plywood sandwich was removed dnd the perma

nent parts of the bullnose were inspected for

d,lmilge; none was found. Sections were cu t ou t of

the plywood layers and compared with fresh

m,lteriaJ of the same lot; again, no permanent

deformdtion or compression of the plywood was

found. Thus, it appears that the breakaway bolts
performed as intended. They will be scribed' and

occasionally removed for inspection.

STRAIN GAUGES

Strain gauges were installed during the con

struction of the building. Some gauges were welded

to the steel reinforcing bars, and others were
suspended in the spaces between them; the gauges

were then embedded in the concrete as it was

poured. Very rugged gauges were needed to survive

the construction activities and the pouring of the

concrete. For installation on the reinforcing bars we

used a weldable gauge, the Ailtech Model SC129-

.65; for suspension between the bars we used a so
called "embedment gauge," the Ailtech CG129-6

6S. Specifications for these gauges are given in Ap
pendix A.

The weldable strain gauge consists of a nickel
chrome alloy sensing Filament welded, with its

leadout wire, into a small unit about 0.75 in. long.

The strain Fil,lment itself is enclosed in a stainless

steel tube welded to a stainless steel flange. The

filament is mechanically coupled to the inside of

the strain tube, but electrically isolated from it by

magnesium oxide powder. The assembly is her

metically sealed and should function for many

years.

For gauge installation, a small area on the rein

forcing bar was ground smooth and the gauge

flanges were spot-welded to the bar with a small

capacitive-discharge welder. The strain in a rein

forcing bar is transmitted through the spot welds

on the mounting flange to the strain tube, and

through the magnesium oxide powder to the alloy

strain filament. The powder is so highly compacted

that the strain is transmi tted to the sensing element

throughout its length. Dow Corning room

temperature vulcanizing silicone rubber (RTV)

number 732 was applied all over the welded

assembly and the newly cleaned steel surface to

reduce rusting. Figure 7 shows a typical weldable
gauge installed on a reinforcing bar.

Embedment strain gauges are available in

various lengths appropriate to different average

aggregate sizes. We used the 6-in. gauge recom
mended for our aggregate, whose average size

788

.... -" ..-._..,._~~~ -'-, '-',"""-. ~_._- ... -~.- ... -



..' ... '

LThrough bolt

Blast wave
from HE

detonation..
•

FIG. 4. Construction details of the bullnose front, showing the method used to close the opening for the
x-ray beam and the method used to attenuate shocks transmitted to the building. Steel plates form the inside
and outside surfaces of a weldment later filled with concrete and made an integral part of the building.
Special breakaway bolts hold the armor-plate-and-plywood "sandwich" that attenuates the transmitted
shocks. The Dolts are designed to fail in tension to prevent plastic deformation of permanent parts of the
building. At the end of these tests, the average bolt extension was 0.147 in., well below the l.S-in. extension
obtained when a bolt was pulled to failure in a tensile-test machine.

t---- 5.12 in'-----I

1.38 in. ep

-Nut

1,00'"7
Breakaway bolt-
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FIG. s. Breakaway bolt used to hold the front plates onto the bullnose.
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FIG. 7. A strain gauge spot-welded to a reinforcing bar and covered with· Dow Corning RTV silicone. ru b
ber. A piece of steel angle has been wired to the bar to prevent damage from construction activities. The
signal cable leads away to the right and down.

was 1.5 in. The sensing filament is contained in a
stainless steel tube, at the ends of which are
triangular plates mounted normal to the gauge axis.
This assembly is shown in Fig. 8. The gauges were
suspended from the reinforcing bars in the desired
locations and orientations on wires threaded
though the holes in the triangular plates.

Cable connections to the strain gauges were
routed over the reinforcing mat to minimize
damage during the pouring of the concrete. The
cables were brought out to connection boxes on the
interior ",:,alls of the bunker. where they are now
available for use at any time.

Of the 61 gauges installed, 49 survived the
construction activities and the pouring of the con
crete. Most 'Ioss occurred with the embedment
gauges. probably because of severe loads imposed
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on the connecting cables by rapidly inflowing con
crete. Appendix A gives the locations of the strain
gauges and other information on their installation
and use.

ACCELEROMETERS

Eight Endevco piezoresistive accelerometers
were used to measure the structural response of the
optics room floor, the bullnose floor, and two linear
induction accelerator mounts. Appendix B gives
the accelerometer specifications; Fig. B-1 shows
their locations.

Accelerometers were fastened in pairs to
aluminum blocks, which were epoxied to the struc
ture in the locations shown in Fig. B-1 so that biax
ial measurements could be made. By recording both



FIG. 8. Embedment strain gauge (6 in. long) suspended between supports in the middle of the optics room
roof. The inner and outer double-layered reinforcement mat is clearly visible; two camera-port sleeves are on
the left. .

the horizontal and vertical components of accelera
tion at several locations, we hoped to distinguish
between forces acting on the front face of the struc
ture and those transmitted from underneath by
ground shock. The two components were not
significantly different at any location except at the
bullnose floor for shot weights of 182 lb and more.
At that location, the vertical component of ac
celeration was abou t 40 to 90% greater than the
horizontal component.

DATA RECORDING

The signals were recorded with three magnetic
tape recorders: a 3l-channel recorder with 80-kHz
frequency response, and two 14-channel recorders
with lo-kHz frequency response. A real-time os-

cillograph was used to get a quick look at data from
gauges in the most important locations. We re
corded 54 channels: 46 strain gauges and 8 ac
celerometers. The remaining channels recorded a
fiducial marker coincident with the detonation of
the high explosive and a time-code generator for
use in data reduction.

A bridge circuit was used to energize and
monitor the change in resistance of the strain
gauges and accelerometers. Precision resistors were
used in the inactive bridge arms, and standard
signal-conditioning equipment was used to supply
power. The wire length from the strain gauges and
accelerometers was about 130 ft, so the bridge ex
citation voltage was measured as close to each sen
sor or transducer as possible. (Safety considera
tions prevented us from making measurements
close to the connection boxes.)
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The voltage output from the strain gauges and

accelerometers was preamplified by differential
amplifiers whose frequency response was at least

100 kHz. Before each test, a calibration signal was

recorded for each transducer, either by shunt
calibration or by voltage substitution. These

calibrati'ons were used during data reduction to

relate the recorded analog voltage to a strain or ac

celeration.

The recorded data was digi tized and reduced

by computer with the code ATD. 2 Because high

frequency signals propagated in a structure of this

size are of little interest, noise above 2 kHz was

removed from the strain gauge data with a 6-pole

(36 dB/octave) Bessel-filter algorithm. The ac

celerometer data was unfiltered.

The highest recorded strains on the reinforc
ing bars were those in the middle of the optics room

wall for the 585-lb shot; these are shown in Fig. 9.

figure 10 shows the strain recorded on that shot in

the middle of the optics room roof. Zero time in

figs. 9 and 10 corresponds to the detonation of the

high explosive.

STATIC TESTS

To check gauge response, we observed the

response of ten strain gauges in the optics room

roof to two sta tic loadings wi th up to 20 steel

blocks 'whose weight totalled about 186 tons. The

first loading consisted of a layer five blocks long

200
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FIG. 9. The highest strains recorded in the building (except
for those in the front steel plate) were those in the interior
reinforcement mat, mid-span in the optics room wall by
gauge 4. In this signal, from the 585-lb test, a peak compres
sive strain of nearly 90 /olin./in. occurred about 16 ms after
detonation; a peak tensile strain of about 220 /olin./in.
occurred about 32 ms after detonation. The signal has a
fundamental frequency of about 40 Hz, which corresponds
closely with the natural frequency of a wall of this shape and
size, which we calculated to be 48.5 Hz.
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FIG. 10. One of the strongest and least noisy signals
recorded in these tests was from gauge 28, mid-span in the
optics room roof on the interior reinforcement mat. The sig
nal shown here, from the 585-lb shot, indicates an initial
compressive strain of 55 lJin./in. about 8 ms after detonation,
and a tensile strain of nearly 175 lJin./in. 15 ms after detona
tion. This tensile strain corresponds to a stress in the
reinforcement bar of 5250 psi, well below failure stress in
both the steel and the concrete. The fundamental frequency
was 40 Hz.

,~ '.

.lnd three bl,lck~ wide across the centerline of the

~;\1Urt sp,1n with threl:' more blocks acTOSS the mid

dle row. This Illading put three blocks directly over

e.lch wall. and gave strains too small to measure. In

the second loading, the blocks were arranged di

rectly over the central gauges in two 3 X 3 layers.

with the last two blocks on top. The strains

dchieved in this loading are reported in Table 3.

Appendix 0 gives calculations of the strains ex

pected in the st.1tic tests, shows the locations of the

g,lUges used, .md shows the Mrangement of steel

blocks in the second static test.

The strain readings were obtained using a

strain indicator that reads directly in strain units.

The gauge resistances were measured indepen

dently with an H-P 3-156 digital volt-ohmmeter.

The bridge cirCUIt for each strain gauge was com

pleted neM the active strain gauge. as in the

dynamic tests. The wire length from each strain

gauge to the measuring station WdS 50 ft.
. Ordinarily this type of st.llic str.lin measure

nwnt is routine One me,1sures the strain in the un

j'l.lded struclure, then loads. measures, unloads.
and reme,lSures. The interesting data are the strain

ch,l11ges caused by 10,1ding and unloading. Initial

and fin,d unloMled str,lin readings may differ by a

few ~in.lin:, but for mllst structures this difference

isn't critical. For the optics TO,)m rOllf, however.

drift of up to 20 ~in./in. occurred with no ch,mge

in the '1pplied I'lad. The load-induced str,1im were

nllt much bigger th,m this. The drift W,1S probablv

c,1used by sunshine-indm'ed thermal stresses ,)TI the
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TABLE 3. Strain changes in 10dding and unloading in the static loading tests. IncreJse in

gJuge resistance, corresponding to tension, is indicated by a (+) sign; decreJsing resistJnce.
corresponding to compression, is indicated by a (-) sign. UncertJinties in strains .Ire Jbout

10 to 20,uin./in. The calculations described in Appendix 0 gave 183,uin./in. for the

magnitude of the strain at the centerline.

StrJin gJuge
Location

LUJdin!\ strJin Unl".ldin!\ strJin
No. Exterior Interior location on spJn (I'in.!in.) (I'in./in.)

JJ X Centerline -Jb +50

J I X Centerline +~o -l~

JO X Centerline -J~ +50

28 X Centerline +~O -J1

25 X I/J-span +J8 -8

2~ X I/J-spJn -)0 +~O

22 X I/J-spJn +H -,,~

21 X 1/6-span -J +8

16 X 1/6-spJn +~ +8

15 X W JII-roof corner + 18 -8

e,po~ed roof, ~o the strdin chdnge in unlodding,

which took 35 min. ~h,)uld he much more reliahle

thdn the ~train dldnge in IOdding, which took two

ddys

For each g,1llge, T dhle 3 li~t~ the IOdding dnd

unloading ~trdin chdnges. The initial unloaded

g,llIge re~i~tdnces u~ed in determining the~e

,·h,lngt.'~ were ,lVer,lges of three vdlues obtdined

over tw,) day~; the loaded vdlue~ were ,lVerdge~ of

two vdlues obtdined over eight hour~; the findl un

lOdded .vdlue~ were the resldt~ of sin~de medsure

ments.

Despite drift, the ~igns of the kIdding dnd un

IOdding strdin ~'h,mge~ generally dgree with wh,1I

one would e'pect for gduges on 01 h,Hizontdl hedm

fixed at its ends. Gduge 15 does nM ~h,)w the 1',.

peded sign of dldnge in kidding. hut it is in 01 cor

ner where the strdin field is complkdted. Gauge 10

does not ~how the expected sign of chdnge in un

10dding. hut hoth gduges Ib dnd 21 g,lVe strdin

ch,mges considerdhly smdller thdn the 20,uin.lin.

thermdl drift.

The magnitudes of these ~trdins Me very

~mdll-in fdct, they Me only two to three times

gre.,terc thdn those due to thermdl ~tress. The

equivdlent stress for the IMgest medsured strdin in

the roof steel reinforcing hdr is only lQ20 p~i. well

helow the yield point of the steel. Vehiculdr travel

,wer the ,lplics room roof should not he the

prl,hlem it is in the older portion~ of the bunker.

The strdins given in T,lhle 3 h,1\'e un,'ertdinties ,1f

dhout 10 to 20 ).Iin./in.

CANTILEVER-BEAM TESTS

A further verificdtion of strdin gduge f,ldor

dnd ,If tht' dyn,Hnic respome of the re,',Hding

systems was made dt the Livernwre site .. A ~Vl'ld,lbk

g,lUge from the lot used f,H the bunker me,,~ure

ments WdS comp,Hed with d n1I1vention.-11 metdl-f,lil

g,lUge when both were mounted ~ide hv side l1l1 ,I

cdntilever he.-1111 thM Wd~ Fir~t st,ltica11y \o.-1ded dnd

. then dyndmically o~,·i\ldted. The~e te~ts. de~crihed

in Appendi, A, confirm the ~,H1ge fdct,)r~ given hv

the manufdcturer ,1I1d provide ,I cdlibrdtion of the

gdin of the recording sy~tem at the heam~ natural

o~cilloltion frequency.

ERRORS

Error~ in the strdin measurement~ Mise from

uncertainties in the goluge f.-1ctl)[~. in the ~hunt

calibrdtion resistances, and in the hridge excitation

voltdge~. We e~tim.-1te the uncertainty of the strain

gauge ddtd to he les~ tholn -t% of the med~ured

value, dnd thdt of the dccelerometer dolt.-1 to he le~~

thdn 2.5''\, of. the medsured value.
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DATA ANALYSIS

All the reduced data from the strain gauges

and accelerometers is reproduced on microfiche at

the back of this report.

For each strain signal. we recorded the peak

strilin ilnd the time from detoniltion to peil\... strilin.

A computer-generated Fourier analysis gave the

major frequencies present in the signals from each

gauge. These data Me tabulilted in Appendix C.
The ilccelerometer data were pilrticularly noisy.

The peilk accelerations recorded in each shot are

given in Table 4.

The highest strains (see Fig. 11) were those on

the interior face of the A-3b mild steel front cover

plilte for the 325-lb charge. and were about

700 lJin lin. This strain corresponds to a stress in

the plate of 21 000 psi, about bO% of the minimum

vield !'tress in simple tension. Clearly, the much
lnlver strains in the 585-lb shot demonstrilte the

mitigating effect of the two layers of gravel bags

plal'ed in fmnt of the plilte. The fact that the strain
was cnmpressive in the 5t'5-lb shot (rather than

tensile. as In the other shots shown in Fig. 11), and

the large difference between the vertical and

hori/lJnt,ll qrilin sign,lls. ,He probably accounted

flH by ShllL'ks transmitted through the gravel firing

table. The b,micading in shot -H3 considerably

1<1\\'ere'1 the strain, as Fig. 11 shows.

The highest strains in the structure itself L)(

curred in the interior reinforcing bars of the optics

room wall; in the 585-lb shot, the strain at this loca

tion was 220 J.lin./in. See Fig: 12.

The strain in the center of the optics room roof

is perhaps of greater interest than the strain in the
optics room wall because it is most easily

calculated. The average strain from two gauges on

the interior reinforcing mat is shown in Fig. 13.

The highest strain measured there was 180 J.lin./in.,

in the 585-lb shot.
Strains in the sloping bullnose roof are also of

interest and are shown in Fig. 14. Here again the ef

fects of barricading in shot 413 are apparent, as are
the effects of the gravel bags used for the 585-lb

shot. The highest strain measured in the bullnose

roof was about 210 /-lin./in., in the 325-lb shot.

Peilk strains measured eh;ewhere were all

lower. The locations of the gauges were chosen to

yield the highest strain readings. However. some

forwMd regions in the bullnose and at other com

plex corners were inaccessible for gauging because

of the density and routing of the reinforcing bars

and plates. Strains in these locations could have

been higher than any we recorded.

The signals from gauges a t corners were rich

in high frequencies.

,.
~ TABLE 4. Peak accelerations in dynamic tests.

Pe~k accelerations (in F;'sl for the followinF;
shot weiF;hts (in Ib)

Accelerometer FiF;ure Loc~tion Orient~tion 18 18 09 182 \82 325 585~

A-I B-1 Optics room floor Vertical 0.7 0.5 1.5 3.~ 3.0 3.5

A-2 B-1 Optics room floor Horizontal 0.7 0.5 1.1 3.~ 5 3.~ 3.0

A-3 B-1 North LIA support Horizontal 1.~ 1,4 5 9 12 15 20

A-4 B-1 North LIA support Vertical 2.5 2.5 9 14 IS IS

A-5 B-1 South LIA support Horizontal 2.\ 2.2 i 13 12 1i 26

A-t> B-1 Soulh LIA support Vertical U 1.9 5 14 \0 13 19

A-7 B-1 Bullnose floor Horizonl~1 5.0 ~.5 Ii ~O 35 H 21

A-8 B-\ BulInose floor Vertic~1 5.0 5.0 18 59 50 68 ~O

~Two layers of F;r~vel baF;s.
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FIG. 11. Peak strains on the
inner surface of the 6-in.-thick
A-36 steel bullnose front cover
plate (gauges 62 and 63). The
lower strain in the first 182-lb
shot (RKM 413) results from
barricading. The mitigating
effect of the two layers of
gravel bags In front of the
cover plate in the 585-lb shot
is clear. The peak strains were
tensile strains for all but the
585-lb shot, in which they
were compressive, suggesting
that ground shock transmitted
a strong force component to
the front plate in that shot.

FIG. 12. Peak strains on the
reinforcing mat on the interior
mid-span of the optics room
wall (gauge 4). All strains were
tensile but one, which is indi
cated in Jhe figure; the great
est was about 220 ~in./in.
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DISCUSSION OF RESULTS

Agbabi,m Associates, of EI Segundo, Califor

nia, WdS hired to perform the basic calculations for

the design of the structures. These calculations are

given in Ref. 3. Agbabian used rapid, simplified

dndlysis methods based largely on experimental
work reported in Refs. 4 and 5. The experimental

ddtd dnd conclusions reported in those references

were adjusted dnd extrapolated by Agbabian to ac

counL as closely as possible, for the differences be

tween the experiments of Refs. 4 and 5 and the

FXR design requirements. Their calculations are

e'\tensive and include many iterations; they repre

sent the hest analysis available in d field in which

there is little experimental information or design

verific<ition.

Agh'lh,1n's cakuldtions of huilding response

tll e'\ plosions made use of either of two models, as

,lppropriale fllr the conditions of each shot. The

first model is hased on hldst pressure and duration;

'tllt' model ,1SSumes a triangular pressure pulse with

ll'r,) rise tin1l' and assumes that the structural mem

her in q lIesti,)n has a single, undamped degree of

frrl'dom. The second model is based on hlast im

PUISl'; the n1lldel eqUdtes the work done hy the ex

ternd I force to the energy stored in the members.

Strain energy due. to both flexure and shear defor

m,ltion W,lS considered. Various safety factors were

'1pplied in hoth of these calculations. When a sim

plifying dssumption was needed, the most conser
vative eh,)ice was usually mdde.

The ratio of the duration of the dpplied

pressure to the period of oscilla tion of the member,

t,lT, determines which model is used. Aghahian

used the impulse model for tiT < 0.08.

One of us (c. Y. King) has extended the Agba

hian ca!eulations to predict the strains in the

dyndmic tests dt a few locations, and for the static

loading tests of the optics room roof. Those

'cdlculdtions dre reproduced in Appendix D.

BeCduse of its nearly rectangular form, the optics

room roof was the easiest to treat mathematically.

the signals from the gauges there also turned out to

be the simplest. the least noisy, and the easiest to

interpret. Tahle 5 gives the calculated stresses dnd
strdins dt the centerline of the optics room for each

of the dyndmic tests.

The cd!eulated strains shown in Tdble 5 are

gredter than the medsured strains by factors of

from 1.57 to 3.87. These large discrepancies are not

the result of experimental error.
Tahle 6 gives the results of the static strdin

cd!eulations for the optics room roof, and the

corresponding e'\perimentdl data. For the center of

the roof. the ratio of predicted to measured strains

is 4.8. Severdl conservative assumptions in the

calculdtions of Appendix D probably account for

this discrepancy. These include:

• The strength of the concrete in tension

was neglected,

• The compression of steel was neglected in

the tensile-stress ca!eulation. even though steel

reinforcement was provided equally in tensile and

compressive sides of the members.

,TABLE 5. Dynamic-test results: calculated and experimental data for the centerline of the
optics room roof.

Cdlculaled

~:C-4 TNT equivalent Stress Strain Recorded strain Ratio,
:(lb) (lb)a (psi) (;Jin./in.) (;dnJin.) calculdted/recorded

18 23 2205 47 18 2.61

69 90 5222 151 39 3.87

182 237 6963 211 107 1.97

325 423 8358 259 148 1.75

585 761 8916 278 177 1.57

aWeight of C-4 X 1.3.
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TABLE 6. Comparison of measured strain with design calculations for static loads. Static

loads consisted of 20 blocks, each 38 X 38 X 47 in" with a total weight of 370930 lb. A
H~in.-diam hole 14 in. deep in the bottom of each block accommodates the lifting eye of a
block on which it is stacked. -

Stress (psi) Strain (lAin.!in.)
Measured strain

(!lin./in.)

End Center End ' Center

liniflllmly distributed over enlire span 6713

r arliJI uniform load al middle 8~66

3356

5306

131

2.92.

116

183

_C

6 38

"AverJge of gJuges 16 "nd !I. loading and unloading.
bAverJge of gauges !8, 30, 31, and 33, loading and unloading.
cToo small to measure.

• The mof of the optic~ room is a rectangle.
The long ~p,1n will take 8% of the load for negative
HhH1Wnt ,111.1 ll"{, for positive moment. In the one

W,\\' ~",l[-, c,1klll.ltion~, thr ~hort ~pan di~lension

W,lS ,1SSlIl1wd III take all of the load, Thus the

'·'lku1.lted ~tn'" ~hnuld be higher than the actual

• The opti,'~ mom m,lf i~ connected to its

w,dls by " cllnsiderablr ,\l11OIlnt of rrinforcing steeL

During loading of the roof. the moment distribu
tion will transfer some bending from roof to walL
In the calculations, we neglected this strengthening
coupling.

• A single, conservative value of 3.32 X

lOt' psi was used for the modulus of elasticity of
concrete; in fact, the modulus increases as the con
crete cures, and may reach 4.62 X lOt- psi for the

type of concrete used in the bullnose.

CONCLUSiONS

,,',r'.,-

The' -l-ft-~quare bullnose aperture was suc
rl'sfully c1l1sed with the plywood-and-steel

~,lI1dwich shown in Fig. -I. -The steel plates did not

suffrr anv plastic deformation, and the plywood
shel't~ Wl'H' n,lt permanently compressed.

The~e e'\periments show that gravel bags ef
Frctivrly ,1ttenll,1te explOSively driven strain in
~tructu res. In the 585-lb test. the accelerometers

,md ~train g,Hlges showed attenuation by a factor of

two. While we commonly use gravel bags with ex
plo~ive weights this high, all members of the
huilding would probably have remained within

their elastic limits even without the hags,
The many simpliFying assumptions and safety

factors used in the design calculations, and the lack
~lF prior experimental verification, introduced a
conservatism into the analysis that we believe ac
counts for the discrepancy between the calculated

and observed strains. Work is underway with more
elaborate structural-analysis models on the

Lahoratory's large digital computers. The gauges
remain embedded in the structure, and we expect

that future experiments and computer modeling

will yield better agreement between theory and ex
periment.

The stresses corresponding to the measured
strains are very small fractions of the yield stresses
of the members. For example, in the 585-1b shot.

the peak strain of 185 /-lin,/in. in the center of the

optics room rooF corresponds to a stress of 5265 psi
(assuming a modulus of 29 X lOt' psi for steel).

This is only 8.9% of the nominal yield stress of the

steel (60 000 psi). Thus, even for 585 lb of C-4, the
optics room roof is well below the elastic limit and

the yield strength of its reinforcing members.
Careful examination of the data leads us to con
clude that 1000 Ib of TNT, detonated under the
conditions of these tests, would produce a strain no

higher than sao /-lin./in. in any of the gauges. This

corresponds to stress of 14 500 psi in the reinforc
ing steel. 24% of the yield stress. The building
design goals have been achieved; in fact, the FXR

facility is an extremely strong structure that should
withstand detonations for many years.

799



ACKNOWLEDGMENTS

We 'lcknowledge the superb gauge

inst,dl.ltion work of ). Kuhlm<ln <lnci L. Meisner

,lOd the c<l[eful eLlt,l recording <lnd ddta reduction

of J. Holm, B. Given, and G. Moxon. Herman

Smith .lnd his rigging new adjusted their schedules

to accommodate our firing <lctivity and carefully

but qUIckly moved heavy plates and blocks on de

mand. Larry Simmons coordinated the activities of

many dispardte groups and ensured that the ex

plosive tests were safely conducted.

l.

-I.

5.

REFERENCES

B. M Dobratz, ('roperties of C/lemical EJ.plosil'es mId' Explosive SilllllhllltS, LLNL Exp/osil'cS
HalldlJook, Llwrence Livermore Nation.ll Laboratory, Livermore, CA, UCRL-52oo7 ll081).

A. W. 5h,lOnon, ATD User's Mall/"II, Lawrence Livermore National Laboratory, Livermore, CA, UCID

173 0 -1 (1 0 77).

B'Isis for 5t",(/llral Desigl/:Flash RadiograpllY Facility AddititJll to Bllildil/g 80104, Site 300, Agbabi'ln

Associdles, EI Segundo, CA, R-7825-48b3 (1970 ).

Structltrl'S to Resist tll1.' Eftects of Accidelltal Explosiolls, Armed Forces Explosives Safety Bo.nd,

Wdshington, DC., Department of th;e Army TMS-1300, NAVFAC P-397, AFM 88-22 (IOl'O).

),l111es K. Ingram, CENSE ExplosiLJIl Test f'rograllr, Report 1, CENSE 1, Explosiolls ill Salldst,lI'£',
Waterw,lys Experiment.!l Station, Vicksburg, MS, TRN-77-b (1 0 77).

PWM/mc

\

~.

800



smUCTURAL DAMAGE TO BUILDING FRAMES FROM
ACCIDENTAL OR TERRORIST EXPLOSIONS
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IN'lllODUcrION

The response of structural building frames to blast loadings is of
great interest to military attack planners. to safety-oriented personnel. and
to persons required to prevent or lessen terrorist attack damage. This paper
investigates the response of a number of structural steel or reinforced con
crete columns to accidental or terrorist explosions by designing the columns
for an assumed 'typical' office or hotel structure. determining the mid-height
lateral deflection of the column which will lead to its subsequent collapse
under the applied building loads. and then determining the blast pressures and
impulses necessary to produce this critical mid-height deflection.

BUILDING DESIGN

The typical building layout chosen is shown in Figure 1. Columns are
placed at 20 foot centers in both orthogonal directions. A uniform live load
of 90 pounds per square foot was applied to each floor in addition to a dead
load equal to the weight of a 7-inch concrete floor slab. The total load on
each column type (corner, exterior, or interior) was determined, and the col
umn section selected using the 1963 American Concrete Institute (ACI) or 1967
American Institute of Steel Constructions (AISC) specifications for the rein
forced concrete or steel construction, respectively. Bending moments from
connecting beams were ignored, and minimum code-applied eccentricities were
used. Fixed support conditions at the top and bottom of the column were as
sumed, and a 12 foot clear-span height was used. The concrete design utilized
ultimate strength design techniques with. concrete strength (fc ') of 4,000
psi and a steel reinforcing bar yield strenath (fy) of 50,000 psi. The struc
tural steel design utilized 36,000 psi yield strength sections. Table 1 sum
marizes ~he applied loads and section selections for the structural steel de
sign, and Table 2 contains similar data for the reinforced concrete members.

CRITICAL DEFLEcrIONS

The scenario for blast damage and subsequent collapse is presented in
Figure 2. The blast is assumed to act from either direction (strong or weak
axis) and deforms the column into the shape of Figure 2(c). The applied
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Table 1. Steel Column Design

Column
Location

Corner

Exterior

Interior

Applied Load
(Kips)

189

367

734

Section
Selected

W 8 x 67

W12 x 106

W 14 x 211

Table 2. Reinforced Concrete Column Desisn

Column Applied Load b = t·
d ' • As = As'·

Loca tion (Kips) ( inches) (inches) ( sa· in)

Corner 226 12 2.5 2.54

Exterior 416 16 2.5 S.10

Interior 788 22 2.5 7.62

•

A I

S

A
s

d'

=tn
dJ,
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structural load, acting through the deformed eccentricity, A, produces a mo
ment which, if the deflection is sufficiently great, exceeds the combined axi
al load and moment capacity of the cross-section. The column will then fail.

The steel column sections were analyzed for bending in both the strong
and weak axis directions. Figures 3 and 4 present the idealized cross sec
tions and the completely plastic stress profiles for the two bending cases.
The location of the neutral axis (N.A.) was determined. The distance from the
tension flange to the neutral axis for the strong axis case was found to be

(1)

where the variables are as defined in Figure 3. For the weak axis case, the
corresponding distance from the tension edge to the neutral axis is given as

2TF W Fy + B TW Fy - P

4T
F

Fy

where the variables are as defined in Figure 4.

(2)

The eccentricity of the applied structural load, P, from the neutral
axis necessary to produce a moment equal to the resisting moment was then de
termined. This leads to the following strong and weak axis eccentricities
(about the neutral axis):

Fy [ 2e = - W X
5 2P 5

T
F

W (2. + 'T
F

- >X)]

.w • :Y [TF (W - 'w)2 + TF'w2
+ TW• (~ - 'w)]

(3 )

(4)

These eccentricities were then adjusted to measure from the original section
centerline (where the structural load is assumed to be applied). This eccen
tricity about the centerline is then critical mid-height deflection, A. The
results are summarized in Table 3.

The reinforced concrete columns of Table 2 were analyzed for bending
about the strong axis only since, in reality, the steel placement would proba
ably be uniform around the column and the sketch in the table represents an
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Table 3. Bending of Steel Columns

Column Sec tion

Property or Dimension W 8 .J: 67 W12 J: 106 W 14 J: 211

Fy (psi> 36,000 36,000 36,000

D (inches) 9.000 12.880 15.750

W (inches) 8.280 12.230 15.800

TF (inches) 0.935 0.986 1.563

TW (inches) 0.570 0.620 0.980

H (inches) 7.130 10.910 12.620

P (pounds) 189,000 367,000 734,000

Xs (inches) 0.860 0.840 1.310

As (inches) 11.070 12.200 . 8.460

Xw (inches) 3.830 5.250 6.620

Ai (inches) 6.050 7.080 9.310
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idealization. The column response to combined axial load and bending was de
termined using interaction diagrams similar to that of Figure 5 which is for
the case of the exterior column. Pertinent equations, based on Figure 5, are
presented below •.

(5)

(6)

(7 )

( 8)

and

e
b

' = eccentricity from center of tension steel

( 9)

where

e
b

= eccentricity from center of section

The moment capacity, M, corresponding to the applied structural load,
P, is then interpolated as shown in Figure 5. The critical eccentricity, 4,
is then found from

4 = M
p

809

(10)



500040003000
M

o

20001000o
o

1600

p
0

....... 1200
(Jl

0-
.,..j

::.G
'-"

.......
~
'-" 800
~
."
0

...:I
P (Applied Structural)

~

."
.,..j

400><
< P

b

Homent (Kip-inches)

Fi8ure S. Interaction Dia8ram for Reinforced Concrete Columns

810

... ~.. _ .... _ ....., ~ .,.--__ ..,. ...... _ .. ._.... --'-... ,-.. ~ . _,.-__ ~~. ....-,_~. .• ..~__ .......?~~-."""'_'_'~"'_-'-'"' --..-o;r-_---. - ....--- ..';;" .• --'--:-""



" . .::.' -" - - ."-

Results of these calculations are summarized in Table 4.

Table 4. Bending of Reinforced Concrete Columns

Column Type

Property or Dimension Corner Exterior Interior

Po (kips) 744.00 1,380.00 2,280.00

Pb (kips) 211.00 400.00 792.00

No (kip-inches) 889.00 2,805.00 5,400.00

Mb (kip-inche s) 1,604.00 4,543.00 9,980.00

P (Ups) 226.00 416.00 788.00

M (kip-inches) 1,559.00 4,463.00 9,980.00

A (inches) 6.90 10.73 12.60

BLAST RESPONSE

An explosion, either accidental or intentional, can load a structural
column in a variety of ways. If the charge is close to the column, the blast
can result in essentially a point load (the load being equal to the overpres
sure times the square of the exposed column width or depth as appropriate. If
the charge is located some distance away from the column, the load is basical
ly uniform over the column length. Both of these loads (the point and nni
form) are produced by the initial blast. If the column is located along the
wall of a room, the walls enclosing that room may produce reflections of this
initial blast and may, depending upon the wall stren&th and charge placement,
permit the rise of a quasi-static loading on the column. If the column is in
the open area of a room, the quasi-static pressure buildup (if any) will act
on all sides of the column and will not produce additional deformation over
that caused by the initial blast.

The response of a structural member to a rapidly varying
dent upon both the peak value of that load and upon the loading
precise shape of this load-time function is not important, and
pulse of Figure 6 will be used in the remainder of this paper.
I, or area under the load-time curve, is then given as
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I = 1/2 P TOmax ( 11)

where Pmax is the peak overpressure (or force for a point load) and TO is the
load duration. Many combinations of peak overpressure and impulse will pro
duce a specified displacement. and the compilation of these points produces a
pressure-impulse (P-I) diagram for this deformation.

Determination of the pressure-impulse pairs was made using a single
degree-of-freedom (SDOF) numerical integration scheme based on the constant
velocity or lumped impulse procedure found in Biggs [3]. This procedure be
gins with the dynamic equilibrium equation, for the undamped case.

F (t) - K - M.. = 0
Y Y

(12)

where F(t) is the time-varying loading fUnction. K is the stiffness. M is the
mass. y is the displacement. and y is the acceleration. A recurrence formula
is developed to permit extrapolation of the displacement at time station (i +
1) from data available for time step (i) or before. The formula for this pro
cedure is given by

(13)

where At is the time step. The initial acceleration. yeO). is generally given
as

.. (0)
y

and the initial displacement. yeo). as

(0)
y o

(14)

(15)

This initial acceleration. yeo). is assumed constant during the first time
step. and the displacement at the end of this step. y(l>. is found from

(16)

The recurrence formula [Equation (13)] is then used to follow the system re
sponse.
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Equation (12) implies that the structural resistance. R. to the applied
loads. Ky. is linear with respect to system deflections. The resistance func
tion (force-deflection relationship) used here instead is shown in Figure 7.
Each of the three phases of the system response (i.e .• elastic. elastic
plastic. and fully plastic) is represented by maximum resistances. RM. stiff
nesses. K. and load-mass factors. KLM. all of which can be found in Reference
3 or 4 for varying support conditions and load types. The load-mass factor
permits revision of Equation (12) to relate the equivalent SnoF mass. force.
and stiffness to the original system. The dynamic equilibrium equation then
becomes

F(t) - R(y) - ~ My o (17)

where F(t). M. y. and yare the values from the original system.

The single-degree-of-freedom approach was used to determine the pres
sure-impulse pairs necessary to produce lateral column deflections as shown in
Figure 2 and summarized in Tables 3 and 4 for the different column materials
and bending directions. Results are .shown in Figures 8. 9. and 10. The pres
sures for the uniformly loade4 cases act over the entire length and width of
the exposed face while those for the point loads are assumed to act over an
area. at the center of the column. equal to the exposed width squared.

Now that these pressure-impulse pairs are known. all that remains is
the determination of the high explosive quantity and distance from the member
that will produce these critical deflections. Consider first the case of uni
form loading. A standoff distance of 10 feet from the mid-height of the col
umn will-provide a relatively uniform load along the length of the 12 foot
column. Consider also the case where the column is along the wall of a build
ing room which will produce reflections of the blast wave. Baker. et al. (5)
have shown that for a centrally located detonation. there will be three sig
nificant blast pressure pulses: the original incident pulse of magnitude Pmax
and duration Ta. a reflected pulse of magnitude Pmax /2 and duration Ta. and
another reflected pulse of magnitude Pmax/4 and the same duration. Since the
initial duration. TR. and the times between arrivals of these pulses are gen
erally short relative to the structural natural period. the pulses can be com
bined into a single one with an amplitude of 1.75 Pmax• producing an impulse
1.75 times that of the initial wave. With these reflections then. the pres
sures and impulses of Figures 8. 9, and 10 oan be divided by this 1.75 ampli-
fication factor. .

The short duration of blast loads. for relatively small charges, sug
gests that the impulse portion of the P-I diagram will be the hardest to sat
isfy., For that reason, the procedure to determine the qnantity versus dis
tance points is as follows:

1. For a given column and loading direction, determine "the minimum illr"
pulse and the pressure at which it first occurs.
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2. Determine required impulse. i. and pressure. p. by dividing by
1.75.

3. Select a charge weight. W, and determine W1/3. Calculate the
scaled impulse i/W1/ 3 • Using blast overpressure/impulse versus
scaled distance curves (such as those in Reference 5>. determine
the scaled distance. Z, (ft/lb1/ 3 ) which produces the above scaled
impulse.

4. Calculate the range for the charge, W. as R = Z Wl/3. If R is
greater than 10 feet. the quantity-distance point is established.
Repeat steps 3 and 4 for a number of points.

S. For P. determine Z which produces th!s pressure. For this Z. de
termine (i/W1/ 3 ) and set i equal to i. This will permit calcula
tion of W1/3 and. hence, W. Determine R from R = Z W1/3

6. Use the Z above (where minimum impulse and minimum pressure are
achieved) and increase W, determining the range from R = Z Wl/3
This portion of the curve provides minimum pressure and extra im
pul se.

These calculations are summarized in Figures 11 through 13.

Consider now the case of an explosive charge detonating close to the
column at its mid-height. An approach similar to that above was used wherein,
for smaller charges, the charge size and distance necessary to provide the
minimum impulse from the P-I diagrams was determined. and the pressure checked
to see that it exceeds the corresponding minimum pressure. The charge weight/
distance pair providing the precise impulse and pressure was determined. and
then charge weight and distance were determined for cases providing that mini
mum pressure and a greater impulse. It must be observed. however. that the
nearness of the charge to the column and the very high intensity of the blast
pulse are such that any reflections from room walls are insignificant and that
there is no 1.75 factor which can reduce the required blast pressures. Re
sults are displayed in Figures 14. 15. and 16.

A few comments on the results displayed in Figures 11 through 16 are in
order at this time. The cusp in the curves for charge weight versus distance
for the uniform loading case represents the transition from minimum impulse
and a higher pressure. to the left of the point, to a higher impulse for the
corresponding constant pressure to the right of the point. An arbitrary 10
foot minimum distance has been applied to approximately a uniform load over
the 12 foot column. All of the curves for uniform loading represent the use
of a 1.75 pressure-impulse factor caused by multiple reflections within a
room. This factor is based on a roughly cubical room. While many of the dis
tances would present great deviations from this idealized room shape. the re
flections off the roof and floor would produce an amplification factor of some
unknown magnitude. The use of the presented curves would be conservative from
a designer's viewpoint since an amplification factor of less than 1.75 is
~ractically assured.
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The charge weight/distance curves for the point load case (Figures 14,
IS, and 16) have an arbitrary upper standoff distance of five feet to repre
sent the end of point loading and a transition to uniform loading. If the ac
tual loading on the entire column were considered, the curves in these figures
would shift downward for distances greater than one or two feet.

APPLICATION OF 'I1IE RESULTS

While the numerical results presented above are strictly applicable to
only six certain cross-sections and loading cases, the procedures used can be
applied to any similar situation. The magnitudes of the charge weights and
distances can also serve as indicators of similar values for other columns.
These applications are explained below.

Consider first the design of a multi-story structure whose first floor
is to be used as an explosives handling area. The charge weight versus dis
tance curves of Figures 14 through 16 could be used to prescribe how close ex
plosive charges can be placed or carried near the columns. For example, a
200-lb charge should not be placed any closer than I.S feet to a corner rein
forced concrete column (see Figure 16). This same 200-lb charge presents no
collapse-causing danger in a uniform load case.

The critical deformations calculated earlier can also be thought of as
rotations rather than deflections (see Figure 2). Table S summarizes these
rotations. Current design practice for accidental explosions, as contained in
TM S-1300 [6] indicates that partial failure will occur at a support rotation
of 12°. This criterion of 12° does not consider any axial loads while Table S
indicates collapse of the columns at rotations of from 4.8° to 9.9°. Clearly,
structural loads should be considered in blast-resistant design.

Consider now some military implications of the calculational results.
An 8-inch artillery shell (Ml06) contains less than 40 pounds of high explo
sive. As a point-load source, assuming that the casing does not reduce the
blast effectiveness, the shell must be less than 12 inches from the columns at
their mid-heights. Since there is no reliable way to detonate a shell at this
location, the round would have to hit the column. Since the widest member
considered here is only 22 inches wide, the likelihood of a hit, and conse
quently the likelihood of severe structural damage to a framed structure, is
very small.

A 200o-lb bomb, such as the Mk 84 with 945 pounds of explosive, is cap
able of penetratins concrete roofs and, once inside a buildins, poses a very
severe:threat to the structural frame. In a uniform-loading mode, this explo
sive size has a damaging distance of from around 10 to almost 20 feet for the
different columns and orientations studied. A SOo-ib bomb, such as the Mk 82
with 192 pounds of explosive, would have limited capability in a uniform-load-'
ing mode and would have damaging distances of from 1.1 to 2.0 feet as a point
load source.
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Table 5. Critical Deformations Expressed as Rotations
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;;-

.c,-

Cri tical
Co I 1UIln Bending Def orma tion Rotation

Des i gna ti on Direction (inches) (degrees)

, 8 x 67 Strong 11.07 8.7

I 8 x 67 . leak 6.05 4.8

I 12 x 106 Strong 12.20 9.6

I 12 x 106 leak 7.08 5.6

I 10 x 211 Strong 8.46 6.7

I 14 x 211 Weak 9.31 7.4

R. C. Corner 6.90 5.S

R. c. Exterior 10.73 8.5

R. c. Interior 12.60 9.9

An explosive charge placed in our typical structure by a terrorist
could have its damaging effects assessed using either the point or uniform
loading curves as appropriate to the charge location. -If the charge is in the
center of a room, for example, and the figures predict structural collapse,
one approach to limiting this damage could be removal of the nonload-bearing
room walls to eliminate the 1.75 pressure-impuise amplification factor in
cluded in the uniform load curves. If an explosive charge, which is to be
disarmed by BOD personnel, poses a collapse threat to a col1Ulln, temporary
shoring could be installed to support the structural loads in the event of a
detonation.

The results of the calculations presented here can also be used in ac
cident or post-attack investigations. An example of this application can be
found in the attack on the embassy in Beirut in April 1982. An explosive
laden truck was driven into the embassy compound and detonated, removing many
of the structural supports and toppling the multi-story structure. Ass1Ulle
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that the structural design was equivalent to the corner reinforced concrete
column used here. Since the detonation was allegedly outside of the struc
ture,the 1.75 pressure-impulse amplification factor cannot be used. The min
imum impulse from this member's P-I diagram (Figure 10) is 1.48 psi-seconds
with a minimum pressure of 500 psi. Table 6 contains a listing of explosive
weights and distance combinations which will satisfy these requirements. Sup
pose now that the truck was loaded with 5000 pounds of explosive. Table 6 in
dicates that this charge weight would have to be within 30.8 feet of each ex
terior column to cause their collapse. Photographs of the toppled structure
indicated that many of the interior columns were also destroyed. indicating
that other factors. such as pre-emplaced cutting charges on the columns, may
have been involved.

Table 6. Explosive Weight/Distance for Corner
Reinforced Concr;te Column

Explosive Weight
(lb)

500

1.000

2,000

4.000

5,000

7.000

10,000

SUMMARY

Distance
(feet)

8.3

12.3

18.3

27.0

30.8

37.3

47.4

This paper has presented a methodology for investigatinl blast effects
on structural columns. This procedure has been followed on a typical urban
structure and the effects quantified. ApplicatioDs of this methodology to
both design and post-event investigation have been outlined and qualitatively
demonstrated.
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'!his report presents a review of lightning warning techniques with

emphasis on explosive facilities and operations. An explanation of how each

technique is used to detect the presence of concHtions that can lead to these

discharges, with the advantages and limitations of these techniques is given.

In addition, an attanpt is made to show how the lightning detection hardware

can be incorporated into a facility's Hazardous weather Plan.
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I. INTRODUCTION

Lightning can pose a severe safety hazard during explosive manufacturing
and handling operations due to very strong electric and magnetic fields that
are produced~ Each of the services of the Department'of Defense recognize
this threat and require that explosive operations be curtailed at the approach
of a thunderstorm. However, little guidance is given to the responsible party
in determining when a thunderstorm is about to appear over his facility. In
response to this problem, the Naval Sea Systems Command (NAVSEA 04H) has
tasked the Naval Surface Weapons Center to investigate the current state-of
the-art in lightning detection technology and determine the effectiveness of
each technique in applications involving explosive operations. This paper is
a preliminary report of the information gained from the first phase of the
program. It will review current lightning detection techniques available to
explosive facilities and describe how each technique can be used to provide an
advance warning of thunderstorm activity.

LIGHTNING DAMAGE MECHANISMS

The protection of a structure from the effects of lightning is based on
statistical considerations of key lightning parameters. Even though
facilities that house explosive materials are well protected, it is often not
economically feasible to provide complete (100') protection even to a "one-of
a-kind" facility. For this reason, it is essential to have an advance warning
of lightning activity to terminate all explosive operations, or to evacuate
all non-essential personnel from the area when termination of operations is
not practical.

Lightning damage mechanisms are both mechanical and electrical in nature.
The heat produced in the lightning channel by return stroke currents, which
can reach 200 kA (200,000 amps), is adequate to burn holes in metal plates at
the attachment point, fuze wires, burn through insulators such as glass, and
cause explosions in masonry and trees due to the rapid expansion of trapped
moisture. The 30,0000K temperatures generated in the channel produces
pressures of over 400 psi. The expansion of the channel produces a strong
cylindrical shock wave whose pressure decreases with the square of the
distance from the channel, until it becomes thunder. In addition, the return
~troke currents produce mechanical forces which can Qrush metallic conduits,
pull wires from walls, and arc through insulating materials. These mechanical
effects are generally associated with a direct lightning strike and typically
result in much physical damage at the point of attachment.

In contrast to the mechanical damage mechanisms, the electrical damage
mechanisms can also be caused by distant lightning. Each lightning stroke
produces an electromagnetic wave due to the rapidly changing return stroke
current. This electromagnetic pulse induces currents in closed loops of wire
and exposed conductors such as overhead power lines, telephone lines,
instrumentation lines, and detonator leads. The resulting surges can cause
severe damage due to arcing if not properly protected.

With the advent of plant modernization came the increased use of solid
state electronics in explosive operations. These electronic devices are much
more susceptable to transient over-voltages and surges, requiring much less
energy to cause catastrophic failure. The use of devices of this type in
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manufacturing facilities where an immediate shutdown is not practical,
requires that a programmed shutdown be inititated well before a thunderstorm
reaches the facility. However, equally important are the economic
considerations due to a shutdown when no lightning hazard exists.

The primary task of the Thunderstorm Hazards to Ordnance Research (THOR)
program is to determine when explosive operations should be curtailed due to
lightning hazards and define the warning levels adequate for each type of
warning technique. This is a very complex problem and will take the reduction
of years of lightning detection data from differing geographical locations.

WARNING REQUIREMENTS

The first step in selecting a warning device is to determine how much
advance warning is required. As stated earlier, lightning can create a
hazardous condition well before it reaches the location of the explosive
operation. In addition, the spatial separation of successive strikes is about
3km (2mi.) with separations of up to 10km (6mi.) recorded.

The amount of warning time required from a lightning detection system
will vary considerably from facility to facility. The following factors
influence the amount of warning time necessary:

1. Type of operations being conducted and the sensitivity of the
ordnance being handled in that configuration -

For example, a missile in its "all-up" configuration with
electrical out-of-line devices is much less sensitive than a
detonator with its firing leads. attached. In addition, the
sensitivity of electronic control systems must also be considered
in modern manufacturing plants where an immediate shutdown
introduces an unacceptable hazard.

2. Length of time required to terminate operations -

Explosive operations that require only minutes to terminate need
less sophisticated warning systems than will a manufacturing
plant that may require an extended period to compiete a
programmed shutdown.

3. Schedule criticality -

Sites with little incidence of lightning activity can afford to
be much more cautious in terminating operations than a site that
will experience greater than 60 thunderstorm days per year. For
operations whose scheduling is critical, the early warning of
lightning activity is a critical problem.

4. Location of operations -

The orographic effect due to the location of the facility is
often critical in determining the type of storm warning
necessary. Mountains and large bodies of water often provide
some of the conditions necessary for the development of
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thunderstorms. Facilities near orographic features such as these
may find a larger number of storms building directly over their
facility than would a plant in a flat, open area. Storms also
tend to follow these features in terrain during their normal
movement. In addition, the geology of the area can be important.
Lightning has been observed striking in a valley just below
cliffs that are composed of high resistivity earth.

5. Typical storm characteristics -

An experienced observer at an ordnance facility can often
forecast the onset of a thunderstorm because of the years of
observation of the characteristics of these storms. Some of
these characteristics are the type of storm normally experienced,
typical direction of speed of storm movement, typical times of
day of storm occurance, and normal ambient conditions leading to
storm. The experienced observer can use the observed deviation
in these characteristics to see how useful each can be when
trying to decide whether to terminate operations or not.

The relative importance of each of these factors will vary with each
individual operation. In addition, some operations may have some factor that
influences the type of warning system necessary that is peculiar to that
particular operation only. Therefore, before selecting a warning system each
operation performed at the facility should be considered.



II. LIGHTNING WARNING TECHNIQUES

It is not yet possible to make accurate lightning forecasts for any given
location, but it is possible to detect the occurance of distant lightning and
detect the conditions that can lead to lightning, and thus a nearby discharge.
Some detection techniques are still primarily research tools and are not yet
advanced enough to be used reliably as a warning device. An example of these
are the detection of the optical and audible spectrum of lightning. Research
in these areas have not been directed toward lightning location exc~pt in
crude form. For example, the diff~rence'in propagation time between the light
and sound waves produced by lightning is used today at many facilities for
locating the distance from a storm. AFR 127-100 states that a storm is "in
the vicinity" when the difference in time between seeing the lightning flash
and hearing the thunder (referred to as flash-to-bang time) is 15 seconds or
less, which places the flash about 3 miles away. However, as reported
earlier, the spatial difference in successive flashes can be as much as 6
miles. Moore, et. a1. (1982), suggests that if the flash-to-bang technique is
used for lightning location. at ordnance facilities, the storm should be
considered in the vici~ity when this time reaches 30 seconds or less.

The flash-to-bang technique has some serious limitations. Uman (1969)
reports a case where thunder was not audible from a storm only 5 miles away.
If the flash-to-bang technique is used. it is imperative that the responsible
authority also know the speed of the movement of the storm at the time it
approaches the Vicinity of the facility. This speed can vary greatly from
storm to storm. averaging 10 to 45 miles per hour. and even during the same
storm. Although thunder can be heard from as much as 15 miles away. the
operations carried out at ordnance testing facilities can mask this thunder
until the storm is already "in the vicinity".

The flash-to-bang technique is prone to false alarms, also. Due to
irregularities in the velocity and direction of storm movement, it is
impossible to determine whether or not the storm will pass over the facility.
This technique therefore is limited to applications at facilities which have
few thunderstorm days per year and the scheduling of operations is not
critical.

WEATHER FORECASTS

Local radio and television weather forecasts are generated with
information from the National Weather Service, based on the statistical
analysis of many meteorological inputs. These forecasts only predict the
probability of a thunderstorm occuring during the day in the given forecast
area. This does not mean that the storm will pass over the facility. This
method is unreliable when used alone due to the expansiveness of the forecast
area and the lack of a defined time when the storm will occur.

NATIONAL WEATHER SERVICE

In addition to the climatological data supplied by the weather service.
weather radar is often used to determine the location of thunderstorm
activity. Kasemir (1976) reported that it is probably the temperature rather
than altitude that determines the onset of electricification. However. the
higher the altitude a cloud reaches. the lower the temperature becomes.
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Cumulus clouds with tops below 16,000 feet do not contain electric fields
adequate to generate cloud-to-ground lightning. When these cloud altitudes
reach 25,000 feet or more, the ·fields in the cloud reach adequate levels to
generate breakdown.

The National Weather Service radar displays can accurately identify the
precipitation center of a cloud and determine from the density and altitude of
the radar reflection whether this cloud is likely to contain lightning
activity. However, Burger (1967) cites events showing that detonation of
explosive devices can occur as much as 5 miles from the precipitation center
of a storm. In addition, the radar data available is approximately 30 minutes
old before it is released and the position of the storm could be as much as 15
to 20 miles off from the actual location by the time the information is used.

ELECTRIC FIELD MEASUREMENT

Under fair weather conditions, the electric field at the surface of the
earth is generally +100 Vim. As a thunderstorm begins to build, the electric
field gradient starts to increase. This change in the static electric field
can be detected and then used to determine when local conditions are adequate
for lightning to occur.

Changes in the static electric field can signal the approach of a storm.
Figure (1) illustrates the charge distribution of a typical thunder cloud
cell. As a charged cell approaches, the fair weather field becomes masked by
the positive charge in the top of the cell, increasing the amplitude of the
electric field gradient. As the cell gets closer, the negative charge at the
base of the cell becomes more prominant and the electric field begins to
change·· polar i ty. As the cell moves directl y overhead, the electr ic . field
reaches its maximum negative value. Once the cell passes the measuring point
the field again reverses polarity and finally relaxes to its fair-weather
value.

FIELD MILL

The "field mill" is the most accurate and Widely used device to measure
the static atmospheric electric field. It measures the strength and polarity
of the local electric field by having it alternately charge and discharge an
electrode, which produces an alternating current whose amplitude is
proportional to the magnitude of the external electric field. The information
produced by the field mill is normally output on a strip.-chart recorder to
observe the onset of cloud electrification and track the passage of a storm.

In addition, the fast response time of the field mill allows it to detect
the electric field changes produced by lightning. Figure (2) shows the output
of a field mill for a storm recorded by C. B. Moore on 7 August 1979. The
sharp discontinuities in the trace are due to lightning. The magnatude of the
field change due to this lightning is somewhat proportional to the distance
from the discharge. Most field mills marketed today use a combination of the
static and dynamic electric field measurements to determine whether a lighting
hazard exists.
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The field mill can c~early indicate the presence of electrically
disturbed weather patterns, but it has limitations. The device can only
measure the atmospheric disturbances for the area immediately overhead, which
can limit its warning time. In addition, it is easily influenced by the
presence of space charge due to corona from nearby objects which can mask a
much larger field strength aloft. To illustrate, Kasemir (1976) has detected
lightning discharges when the surface field was only 600 Vim even though point
discharge does not normally occur at field strengths below approximately
3000 Vim. Finally, the field mill is a sensitive research tool that is
difficult to interpret when more than one storm cell is present, requires
maintenance at periodic intervals, is sensitive to site location, and a go/no
go criteria for alarm is difficult tp establish. However, used in an array
with the golno go criteria specified in NAVSEA OP-5 (2000 Vim), the field mill
can be a valuable tool for a safety director in evaluating the development of
hazardous conditions due to lightning.

CORONA CURRENT

The corona current detector is the simplest measuring technique that can·
be used to determine the onset of a thunderstorm. As discussed earlier,
strong electric fields are generated in thunderstorms, however, these fields
are rarely observed to reach values over 15 kV/m over land surfaces. This
phenomenon is due to corona discharges that occur at the tips of trees,
bushes, towers, and other sharp objects attached to the earth. The space
charge generated by the corona creates a screening layer that reduces the
magnitude of the electric field at the ground. Although this space charge can
limit the effectiveness of a field mill due to this screening, its generation
can be used to detect potentially hazardous conditions.

A-sharp point raised some height above a ground plane (earth) causes an
enhancement of the atmospheric electric field around the point. This
discharge process is initiated in a small volume of air close to the tip. As
electron~ are accelerated in the field, collisions with gas molecules ionize
these gas molecules which release more electrons. This process, called
electron avalanche, continues until a corona discharge is produced to decrease
the concentration of the local electric field.

The value of the corona current produced by the point depends on the
strength of the electric field, the presence of other points in the area,
height of the point, curvature of the tip, and local wind speed. Therefore,
for a given wind speed, the corona current is directly proportional to the
electric field strength.

Although simple to build and instrument, the corona current detector has
limitations. The wind speed is very important when determing warning levels
of corona current. In addition, the system is not responsive to field
strengths of less than approximately 1000 Vim, resulting in little advance
warning.

RADIOACTIVE PROBE

Radioactive probes can also be used to measure the atmospheric electric
field. These probes can be designed to measure either corona currents or
voltage potentials; although all devices available commercially measure only
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the v01tage potentials. In either case, the radioactive material (polonium or
tritium) is used as a source of ionization. Though their response time is
slow, the probes are reliable and accurate.

In contrast to the corona current detector, the radioactive probe is less
reliable in calm winds than in strong winds. In addition, the radioactive
source must be changed about once a year to maintain adequate sensitivity.

SPHERICS

A sudden change in current flow will produce an electromagnetic wave that
can be detected from a considerable distance. The waves produced by lightning
currents are capable of propagating thousands of miles even though the
strength of the signal decreases with distance. It is estimated that over the
surface of the earth there are approximately 100 flashes every second. These
waves are trapped by the earth's atmosphere and form a continuous background
of crackling noise (static) on all but the highest frequency bands. These
radiated waves, called atmospherics or spherics, can be detected and used to
determine the actual location of the lightning discharge.

FLASH COUNTER

The flash counter is a narrow-band receiver designed to detect the
electromagnetic wave produced by lightning or the electric field change which
results. The counter detects the flash, computes its range, and displays the
number of discharges occuring in preselected ranges. The most popular ranges
used are 100, 50, 25, and 10 miles. By observing the number of discharges per
range, one can determine the distance of the storm from the site.

Counters that detect the radiated wave follow the relationship that the
amplitude decreases linearly with distance. These counters have a greater
range than those that sense electric field changes. However, the
electrostatic field change decreases with the cube of the distance, resulting
in greater accuracy in the decreased range.

The flash counter also has limitations. The range information is based
on the theory that each discharge is of average intensity, although Berger
(1975) and others indicate these values can vary greatly (7 to 10 dB standard
deviation). In addition, nearby intra-cloud lightning may be detected as a
distant earth flash. Although the counters do not indicate direction of storm
movement, the device can be used effectively at facilities where storms do not
generally build overhead and the mature storms moving into the area always
come from the same direction.

AZIMUTH/RANGE LOCATOR

The location of distant lightning by using two crossed loops arranged at
right angles is an old, well established technique. The system responds to a
narrow band in the VLf frequency range. The range of lightning location is
determined the same way as does the.spherics flash counter. To determine
.bearing, the ratio of signal amplitudes are compared. A monopole electric
field antenna furnishes polarity information to eliminate the 1800 ambiguity
in bearing. The resulting location is generally displayed as a point on a
CRT. The technique is relatively simple and has been used in land-based
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systems and in aircraft. Some variations of this technique use a wide-band
amplifier tuned to somewhat higher frequencies to eliminate some problems
caused by the reradiation of the magnetic field.

Although the conventional crossed-loop locator has an effective range of
up to 200 kilometers (km), it is inaccurate at close ranges. Bearing errors
have'been known to exceed 200 at ranges of less than 150 km due primarily to
the horizontal components of the electromagnetic wave and reradiation of the
wave~by metallic bodies, buried conductors, or the ionosphere. Krider, et.
al. (1976) devised a wideband system that samples the magnetic field at its
peak; where the lightning channel is most vertical. However, this system is
still' subject to bearing errors due to the reradiation of the wave which can
be a problem at military facilities where security fences are used
extensively.

CROSSED-LOOP TRIANGULATION '

The accuracy of a crossed-loop location system can be enhanced greatly by
using three or more antennas to locate the same flash. Figure (3) is a block
diagram of a typical triangulation network. The range and bearing information
from each of the antennas is fed to a central computer where the data is
analyzed statistically and the ground strike location is determined and
plotted on a CRT.

. Lightning Location and Protection Inc., the manufacturer of the
crossed-loop triangulation system, has developed software to try to reduce the
effect of the reradiated waves. The system is used operationally by the
Bureau of Land Management and several utility companies, and is also used as a

'research-tool by many studying key lightning parameters.

The major disadvantages to this type of system is the cost and the
criticality of antenna site selection. The optimum site for an antenna would
.~~ in a large field with no buried conductors or metallic Objects nearby.
'Sites:such as this are not common at most military fac.ilitles. However,
triangulation networks now cover a large portion of the United States and in
these areas use of the system could be economical.

TIME-Of-ARRIVAL TRIANGULATION

The time-of-arrival (TOA) triangulation network is identical to the
crossed-loop network with the exception of the detection method used. In a
TOA network, each antenna 'detects the spherics wave and labels the time the
wave was received. The information from each antenna is transferred to the
central computer where it is analyzed and plotted. The system operates in the
VHf frequency band and is not affected by reradiated waves. Pierce (1977)
state~ that this is a very powerful technique, but it has not been practical
to implement in the past. Today's technology in electronics now allows the
precise timing of the received signal and therefore very accurate lightning
location over a large area. The major limitation of this system to date is
that it is not a proven system as is the crossed-loop system, but preliminary
evaluations show it to be promising. In addition, antennas for the TOA
network are not site sensitive, which may be important at military facilities.
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III. EVALUATION OF TECHNIQUES

The Bureau of Mines sponsored an evaluation of six lightning warning
devices during the summer of 1979 because of their concern· in using detonators
in blasting operations. The results of the study were reported by Johnson,
et. al., in the May 1982 Journal of Applied Meteorology. These results are
summarized in tables 1 and 2.

Data were gathered from three locations which have different types of
characteristic storms. As shown in these tables, the triangulation locator
exhibited the best overall performance, although it is the most expensive to
operate. In addition, the radioactive probe and field mill consistently gave
20 minutes or greater warnings. but both had high failure-to-alarm rates. In
summary, no system was found to be ideal in all categories. A decision on the
type of system required by a facility should be based on a tradeoff of the
characteristics which are most important to the operations being conducted at
the facility and the systems ability to meet these criteria.
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IV. SUMMARY/CONCLUSIONS

In summary, the major lightning detection techniques have been reviewed
and their respective limitations discussed. No single system or single
technique has been found that can reliably detect a mature storm moving into
the area and a storm that may be building directly overhead. The field mill
and radioactive probe were found to have promise, but were not laOS reliable.
Although expensive to purchase and operate, the traingulation locator is the
most sophisticated technique available, but cannot detect storms building
directly overhead.

The optimum solution to the advance warning of potential lightning
hazards seems to be a combination of techniques based on spherics detection
and the electric field measurement. The selection of equipment should be
based on actual detection requirements, frequency of lightning activity,
scheduling criticality, and cost. At this time, it appears that the most
reliable combination available would be a triangulation network for long range
detection and tracking of mature storms, with a field mill array to detect the
development of dangerous fields building directly overhead.
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ABSTRACT

Double-base propellant is heated to ease extrusion by utilizing the

propellant dielectric properties in a radio-frequency oscillatory circuit.
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DIELECTRIC RADIO-FREQUENCY HEATING OF PROPELLANTS
by Melvin C. Hudson

Double-base propellants are extruded to form rocket motor grains. Hydraulic
,presses and dies are utilized and the process is well documented. To ease extru
sion, the propellant is softened by heating, normally to 130-1400 F. Heating is
accomplished basically in two ways; oven heating or radio-frequency heating
utilizing -the dielectric properties of the propellant. Problems encountered and
information developed while utilizing dielectric heating at the Naval Ordnance
Station are summarized in this discussion.

To assure understanding, a brief familiarization with the double base propel
lant process is in order. In this process, the ingredients, nitrocellulose, nitro
glycerin, plasticizers and burning rate modifiers are mixed together in a water
damp paste. This paste is put through heated rollers to drive off the water and
give desired physical properties. The product of these rolling mills is a sheet,
nominally 0.080 inch thick. These sheets are cut into strips 4 inches wide which
are rolled into right circular cylinders called carpet rolls (nominally 15 inch
diameter). The carpet rolls are heated and placed in the extrusion press for
forming the propellant into rocket motor grains. The two principal means of
heating the propellant carpet rolls are thermal ovens and dielectric heaters.

The thermal method of heating requires the carpet rolls be placed in an oven
.and allowed. to come to a uniform temperature throughout. Because the carpet roll
is fairly thick, a considerable period of time is required to attain desired tem
perature in the center. Also the thermal oven must be set near the final temper
ature desired for the propellant and this reduces thermal force and results in
long heating periods. For these reasons, the thermal ovens are known as "soaking"
ovens. Problems associated with soaking ovens are the investment in ovens re
quired to support even a modest production capability and the effects of extended
thermal soaking on the propellant. Of the latter, the major effects are volatili
zation of plasticizer and hardening of the propellant. Consequences are process
and quality problems in the extrusion of carpet rolls to form propellant grains.

The second method of heating, that is dielectric heating, applies a high or
radio-frequency electric field to carpet rolls situated as the dielectric in a
parallel plate capacitor as shown in Figure 1. This is basically a resonant
capacitive-inductive circuit. The electric field takes effect throughout the
propellant thus eliminating thermal diffusivity as a factor. Heating time is
reduced from ...... 24 hours for soaking ovens to - 20 minutes.

The Pheno~iQa involved in dielectric heating can be simplified to the follow
i ng concepts: \ )

a. The electric field potential gradient causes distortion and orientation
of atoms and molecules by displacement of electrons with respect to the nucleus;

b. Both polar and non-polar molecules are affected;
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c. The effect of the displacement is to reduce the field gradient within
the dielectric material.

These concepts are illustrated in Figures 2 and 3.

To digress abit, note that both metallic conductors and dielectric or non
conductors can be heated by radio-frequency fields. The phenomena involved are
different but pertinent to some of the events to be discussed. In heating con
ductive (metallic) materials, the imposed electric field induces motion of free
electrons. Resistance to their motion by the'atomic matrix results in heat )
generation. This is known as inductive heating and has extensive application. (2
Suffice for this discussion to visualize conditions occurring within a conductor
located in an electric field; the free electrons concentrate at extremities and
negate the field within(rbe conductor thus creating concentrated charges and high
electrical potentials. )

Returning to dielectric materials which have few free electrons, the distor
tion and displacement of atomic anu molecular charges and resistance of the
material matrix to orientation generates heat. As these phenomena occur through
out the material, heating does also.

An aid to visualizing the properties of the material in an electric field is
to determine an equivalent circuit for the material. The basic circuit illus
trated by Figure 4 shows that if a field is applied across a cube of material,
the admittance (reciprocal of impedance) has both a capacitive or susceptive
component and a conductive component. The conductive/resistance component is
representative of metallic response; susceptive/capacitive component.Js repre
sentative of dielectric response to imposed fields. Note that when high fre
quency changes are made in the field, the molecules and electrons do not have
time to achieve equilibrium with tbe field. This creates conditions such as
anomalous dielectric dispersion.(3)

The admittance of RF electrical energy into a material equivalent cj2~v~t
can only be described in mathematical terms by complex number notation.t Jt )(4)
This notation utilizes real and imaginary components. Application includes
real and imaginary terms in the power factor, a concept involved in supplying
energy to a dielectric in a resonant capacitive-inductive circuit and in other
alternating current electrical circuits. In vector notation, the angle between
vectors representing capacitor charging current and total current is, the loss
angle. The loss tangent or dissipation factor is the ratio of loss current to
charging current.

The preceeding remarks were intended to give a brief familiarization with
the nomenclature of extruded double-base propellant processing, RF heating,
and dielectric material phenomena. More detailed discussion can be found in
references 1 thru 4 and any good text on high frequency electrical circuits.
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There are various conditions inherent in dielectric heating which should be
mentioned. Some that are important but not well characterized are changes which
occur in the materials conductivity, dielectric constantand power factor or loss
tangent as the frequency and material temperature vary. For example, as the
materi~l heats up, its electrical parameters change which cause change in the
resonant frequency of the circuit. The dielectric constant, power factor and
conductivity all vary with frequency. Also, it is important to note that a
genera~ property of dielectrics is for the imaginary part of the dielectric
consta-nt to increase with temperature. These interactions can lead to proper
ties changes causing frequency shift toward better coupling and greater energy
absorption by the dielectric. Sometimes these can cause problems in controlling
heating of propellant.

Another condition which occurs is creation of standing waves, i.e., non
uniform voltage distribution. This is a function of electrode dimensions and
wave length. Standing waves can be tuned out, however, they and the material
characteristics previously mentioned can generate significant potential gradi
ents within the material.

At Naval Ordnance Station, Indian Head, RF dielectric heaters have been uti
lized for heating propellant carpet rolls. The propellant enters the circuit
as the dielectric in a parallel plate capacitor arrangement as illustrated in
Figure lB. Note that Figure lA shows insulating rubber pads which separate the
propellant from all metal surfaces. This eliminates direct application of high
electrical potential from a conductor to the propellant. The pads are of low
loss dielectric material.

During the period 1950 to 1973, ten fires had occurred in the high fre
quency heaters. In most of these, foreign material or defects in the insulat
ing cover of the electrode plates were considered as the most likely cause.
For example, a metal stem thermometer for determining propellant temperature,
if left in the carpet rolls during heating, can cause localized heating. The
metal conducts in the applied electric field and concentrates the field at
edges and points. This concentrated field causes localized heating in the
propellant and could result in an arc. As these would occur within the carpet
roll where the thermometer is utilized, ignition is a possiblity. Other pos
sible causes are water which is a highly polar molecule that may lead to loca
lized concentrated fields and corona and arc discharge from various parts of
the heater. Minor amounts of water are considered likely to evaporate before
ignition temperature is attained. Corona discharge and arcs have been observed
however they consistently are located on parts of the heater remote from the
propellant.

In 1973, and early 1974, a series of five fires occurred with one particu
lar propellant. As the investigations progressed from one fire to another,
the obvious foreign item causes were ruled out. This led to the conclusion
that the ignition cause was involved in heater operation and propellant proper-
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ties. Following paragraphs discuss items considered and action taken without
regard to chronology except that intensive effort was initated after the fourth
fire and the fifth fire occurred during this time.

Note that this was the first aluminized propellant subjected to dielectric
heating. Limited tests had indicated that aluminized propellant could be
heated safely. Over 1 1/4 million pounds had been heated prior to the first
fire so aluminum can not be considered the sole cause of ignitions. X-ray
examination of carpet rolls from the lot involved in the last fire showed
areas Nl/16 inch diameter with increased attenuation. Visual examination
did not reveal any cause for the attenuation and the propellant was subsequently
dielectrically heated and extruded without incident .

.The possibility that corona discharge or arc discharge was the ignition
source was considered. Operating personnel had occassionally observed corona
discharge during normal operation of the heaters. However, the corona was
always observed on parts of the heater some distance from the propellant. One
function of the insulating pads is to smooth the interface between propellant
and electrodes and eliminate sharp points which are likely sources of discharge.
Also, tests indicated the propellant in question would withstand current densi
ties substantially in excess of typical corona discharge for a time longer than
the cycle time of the heater. Hence corona discharge was considered an unlikely
cause but the sharp edges of conductors were blunted to eliminate high field
potential points that cause discharge.

Arc discharges were considered a less probable cause than corona as none
had been seen or heard and plate current meters had not indicated erratic
fluctuations typical of arc discharges. Tests indicated arc discharge current
density was capable of igniting the propellant. Regardless, the absence of
evidence of arc discharge under any condition of heater operation led to the
conclusion that they were not the cause of the fires.

Foreign material in the propellant or facility was considered. Metallic
foreign material discussed previously in regard to fires prior to 1973. was
ruled out for lack of evidence. Also, experienced operators were in charge
and thoroughly inspecting for foreign material. Dielectric foreign material
was determined unlikely after determining the dielectric constant of the pro
pellant as few materials have a constant with an imaginary part which exceeds
that of the propellant. Ordinary water is one but was ruled out as known not
to be present in most of the fires. In any case, minor amounts of water would
tend to vaporize before ignition temperature is reached.

Possible erratic problems with the heater operations were considered. Manu
facturer service personnel inspected the equipment following one of the fires.
In this effort. the RF voltage sensor was relocated from the power supply to
the heater plates in order to measure the voltage impressed across the propellant. '
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Parallel measurements across the propellant and the generator output were taken
during the change. As expected, the voltage across the capacitor (heater plates)
in the resonant inductive-capacitive series circuit was higher than the voltage
across the total circuit measured at the generator output. Based on these
limited results, the voltage across the propellant was reduced by retuning the
RF generator. Output voltage was reduced from 4-5 kilovolt to 1.5-2 kilovolts.

During the investigation following the fifth fire, operators mentioned.that
the plate current meter readings were always higher with the aluminized prope1
1ant.. A1so, there had been a gradual increase in heating rates in the interval
between fires. Periodically control adjustments had been made to keep within
the 3 1/20F/munute heat rate. A specific cause of the increase in heating rates
was not determined. Two possibilities are a gradual change in propellant pro
perties or drifting of the heater electronics. The first might explain the on
set of fires after more than a million pounds of incident free operations. The
second, drifting of heater electronics, had not been a detectable phenomena in
prior operations with any propellant. Drifting may have occurred by some subtle
feedback mechanism. This conjecture is based on the subsequent finding that
the heaters having fires were tuned such that as the propellant heated, the
change in dielectric properties caused the RF generator frequency to shift to
ward better resonant coupling. This produces higher voltage across the propel
lant which in turn causes higher heating rates, a feedback situation. If there
was initially any localized inhomogenity in the propellant in either temperature
or dielectric properties, the feedback could result in a localized thermal run
away situation. The higher the temperature in the inhomogeneous element, the
faster it heats. If the localized heating rate exceeds the thermal diffusivity
then ignition temperature can be reached. Unfortunately, no localized inhomo
genities could be found though this was not considered as confirming their
absence. . .

Eventually, the dielectric properties of the aluminized propellant NOSIH
AA-6, were hypothesized to be directly involved in causing fires. An investiga
tion of these properties was made in comparison to N-5 propellant which had
extensive history without fires. Tests were also made on a "non-hazardous"
dummy propellant of nitrocellulose, dibutyl phthalate and aluminum that is
sometimes used to ,check extrusion processing. Results were that the real part
of the dielectric constants of AA-6 and N-5 were about the same (apprOXimately
10). As hypothesized, AA-6 showed an imaginary part of the dielectric constant
about twice that of N-5. The dummy propellant had a real dielectric constant
lower than N-5 or AA-6 but the imaginary part greater than that of AA-6. (This
dummy propellant should not be used to check out dielectric heaters as it will
burn.), As the power factor or energy absorption is directly proportional to
the imaginary part of the dielectric constant. it follows that AA-6 heats
faster'~than N-5 for the same heater conditions.

To confirm the laboratory findings. full-scale tests were made. These
measured the dielectric properties of N-5 and AA-6 as normally loaded into the
heaters. Low power lab equipment was connected in place of the RF power gene-
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rator to· preclude actual heating of the propellant. The measurements were not
entirely reliable because of poorly known transmission line effects, however,
it was apparent that AA-6 had a significantly higher imaginary dielectric con
stant. These tests gave a rough indication of change in dielectric properties
as a function of frequency. Also, by using propellant conditioned to different
temperatures, frequency variation with temperature was briefly studied.

Measurements were made of the tuning of each of the three operational
heaters. The oven which had not experienced any fire with the AA-6 propellant
was found to be tuned somewhat differently from the others but no firm conclu
sion could be established as that oven was seldom utilized for AA-6 propellant
processing.

All of the evidence indicated that the' problem had been outlined sufficiently
to attempt a solution. The obvious approach was to change the RF generator tun
ing so that the heating rate was less .. Initially, it was planned to achieve
this by tuning such that the changing properties of the propellant would pull
the load circuit away from resonance with the generator as the propellant tem
perature increased. After othe! adjustments, this detuning was achieved.

Lowering of the heating rate was attained in trials but not as much as
desired for safe operation. Adjustment of the normal controls made little pro
gress toward lowering the heating rate. A study of the generator circuit de
termined that changing the tap on the output RF transformer was a modification
that would allow improved control range. The tap was changed to a lower posi
tion.with respect to ground which had the effect of lowering power input to the
load. Controls then functioned normally to adjust the heating rate to 3.50F/
minute with AA-6 propellant. Rate with other propellants was lower.

As the fires had occurred early in the heating cycle, it was considered
that initial propellant temperature condition was a factor. To even out any in
homogenities, a split heating cycle was utilized. This cycle applied heat,
then a rest period of a few minutes before heating again. This inefficient
technique was no longer required after the heaters were improved by the addition
of automatic load controls.

With the heating rate dependent on propellant properties,. control settings
had to be changed with each propellant. This was achieved by manually relocat
ing (by cranking mechanism) the output tap on the plate current load coil.
Note must be made that for all propellants, the plate current and consequently
the heating rate changed as the powder temperature changed. With the ovens
tuned to decrease coupling as the propellant temperature increased, the plate
current and heating rate decrease with time in the heating cycle.

This discontinuous and decreasing rate heating cycle and need for changing
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control ~ettings for different propellants adversely affected operations. There
fore, efforts were made to determine modifications to equipment that would return
to continuous heating cycles without causing fires. This was accomplished by
noting that the plate current load coil, normally set at a point by manually
cranking, was amenable to controlled positioning. Coupling this positioning
with the tuning to pull the generator away from resonance as the propellant heats

, up appeared to provide a means for safe and efficient operation. To understand
this, it~had to be noted that for fixed control settings the initial heating rate
would be~near the maximum of 3.SoF/min and would decrease with cycle time and in
crease in propellant temperature to ~2oF/min at cycle end.

Automatic load controls were installed which controlled heating rate by
changing the position of the plate curr-ent load coil output tap. The controls
were programmed to automatica11y,position the tap at the low current control
set point at the end of each cycle. This was intended to assure that initial
heating of each propellant charge was at low power thus reducing the effects
of any inhomogenities and reducing chances for ignition which normally occurs
early in the heating cycle. As the propellant heats up and internal conditions
become uniform, the controls change tap position to increase plate current to
a set level and thus apply more power to the propellant. Since the heaters are
tuned to pull away from resonance as the propellant increases in temperature,
balancing plate current increase/maintenance to set point against resonance de
tuning allows achieving a uniform heating rate through the cycle. It was found
that with these controls, maximum heating rate could be reduced within the time
a110ted for heating. This was considered an improvement in safety.

Because there are individual system differences, each of the three heaters
was characterized for plate current versus heating rate. The automatic load
controllers were adjusted to start at a minimum setting below the operating
level. ,As the cycle progresses, plate current output coil tap is automatically
repositioned to increase current to attain and maintain the operating level.
The improved heaters have been operated without a fire since 1974.

There still remains one unanswered question. what change occurred to trigger
a series of fires after initially processing 1 1/4 million pounds without inci
dent. Admittedly, data generated in the investigations revealed that operation
with AA-6 must have been closer to ignition conditions than is the case with
prior propellants processed.

Furthermore, the fact that two heaters were involved in fires would indicate
that driftlng of the RF generator and circuits was not the sole cause. Dupli
cate failure modes in two separate systems at nearly the same time is a low prob
ability occurrence. This heater drift rationale has one weakness, and that is
maintenance and adjustment, which, consistently performed in one direction on
both heaters, may have eventually shifted them from no-fire to fire condition.
This could r,ot be determined and is thought unlikely based on operating and
maintenance records and personnel memories.

860



Subsequent to the last fire, another aluminized propellant (2 1/2 Al) has
been processed successfully although it is probably more sensitive than AA-6
to the power loading rate. This conjuncture is based on limited observation
of the plate current when heating cycles begin for the two different propel
lants.

Only one item is left, the propellant. Some subtle change in propellant
ingredient or processing changed the dielectric properties. Conjecture would
be that the change was in the plasticizers as they generally have greater
dielectric properties change with frequency and temperature than the other
materials. This is supported by the observation that the second aluminized
propellant with half the aluminum content of AA-6 appears more sensitive and
has a higher plasticizer content. (Note that N)itroglycerin, a major ingre
dient has a real dielectric constant of 19.)(5 The same difference would
tend to rule against aluminum as the culprit. Although processing resulting
in concentrations of aluminum could result in a tendency toward fires, it is
more likely that aluminum (less than 5%) is an accomplice rather than the
culprit. Further studies of the dielectric nature of propellants would be
interesting but not necessary items and are not planned as current operations
are satisfactory.
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SAFETY OF HIGH EXPLOSIVES CO~WITNUTION PROCESSES

R Applin

AWRE ALUERMASTON

(d) Initiation and propagation properties.

Many properties of explosives are influenced by the particle
size of the explosive, ego

(a) Consolidation characteristics of pressable, castable
and extrudable HE systems.

INTRODUCTION

(b) Rheological and mechanical properties.

(c) Hazard potential of both powders and consolidated
compacts.

1.

UK military explosives are supplied from the Royal Ordnance
Factories in a restricted number of grades, therefore, AWRE is involved in
comminution of secondary high explosives in order to

(a) to do necessary research on the effects of particle
size on various properties, and

(b) based on ,that research, to tailor explosives to
meet particular requirements.

The explosives which are of interest include HMX, RDX, TATB,
NQ, TNT, PETN and FINS and mixtures of these materials. These explosives
are subjected to a variety of milling processes on the experimental and
pilot plant scale. The quantities involved range from 1 or 2 kg to
several hundre~__K~J

Various methods of comminution are in use;

(a) end-runner milling (a mechanical pestle and mortar)

(b) ball-milling.

(0) colloid or paste m~~ling

(d) slurry or attrition milling
./
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(e) fluid-energy millingl f...)\'LJ
I .-,,'

/~ .-
~) precipitati6nfr6m'sol~~t combined with

.,__--...__ ,,_~luid-energy millin~._

~ThiS p~~er will outline th~ methods of comminution used at
AWRE, ,and then deal in more detail with how a number of safety problems have
been' dealt Wit~

2. COMMINTJrION METHODS

2.1 All comminution operations on explosives at AWRE are carried
out under remote control. Precipitation methods where no milling is
involved are carried out under close control.

2.2 End-Runner Milling

This is essentially a mechanical pestle and mortar, (See
Figure 1). The mortar is turned by an air-driven motor; the pestle
revolves by the effects of friction and the material to be milled is
crushed between the bottom of the mortar and the surfaces of the pestle.

Compositions such as TNT flake or Comp B are milled dry; other
materials are milled under water. PETN is not milled by this method.

Many of the compositions prepared at AWRE contain rubbery
binders 'and are in the form of Coarse agglomerates which are not suitable
for testing by our standard powder safety tests. Crushing at room tempera
ture often is not effective in reducing the size of the agglomerates.
However, milling in liquid nitrogen in the end-runner mill, where the
temperature has been reduced to well below the glass transition temperature
of the binder, is effective. The liquid nitrogen also acts as a diluent
and ignition quencher in the same manner as water.

One disadvantage of the method is that atmospheric moisture is
condensed onto the milled sample which necessitates a further drying stage
and also means that it cannot be used for moisture sensitive compositions.

2.3 Ball Milling

This method is now only used ona small scale for experimental
purposes. There are two reasons for this:

(a) the relatively large quantities of explosive being
processed at one time if the process is being used
to produce worthwhile quantities of powder;

(b) contamination of the product by material from the
balls.
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Colloid (paste) Milling

This is a method developed at AWRE in the late 1950's and it
is used to produce our standard fine HMX (HMX Type B). Figure 2 shows the
particle size distributions of three grades of HMX in use at AWRE.

The mill consists of a conical rotor, driven at high speed,
turning inside a matching stator with a gap of a few thousandths of an
inch; both the rotor and stator are made in carborundum. Figure 3 is a
drawing of the stones. Stainless steel rotors and stators have been tried
but the stability of rotation is not good enough to prevent the milling
surfaces touching and binding.

The mill is fed with slurry from a circulation circuit which
is designed to keep the slurry in suspension by the velocity of the
circulating flow. The circuit is shown diagramatically in Figure 4 and
in place of Figure 5.

The product of this type of milling is a bimodal powder with
good packing properties._ However, a minute number of carborundum particles
contaminate the product ~nd, although they do not present a safety hazard
and there is no problem in meeting the stringent grit clause of the speci
fication, the grit particles occasionally manifest themselves in embarrass
ing situations. Because of this AWRE is moving away from colloid milled
material to that produced by fluid-energy milling where there are no moving
parts or carborundum stones.

2.5 SlurEY Milling (Attrition Milling)

The kinetic energy of the circulating slurry in the circulation
system for the colloid mill has been put to use in a form of milling known
as slurry milling. The flow from two centrifugal pumps is directed to the
opposing arms of a Teepiece of reduced diameter. The impact of the
colliding explosive crystals is of sufficient violence to cause their
attrition. This method, run on a continuous recirculation system, produces
a powder with a particle size distribution, for HMX, intermediate between
Type A and Type B. An important attribute of the material produced in this
way is the rounded nature of the crystals.

Fluid-Energy Milling (Micronizing)

The second major method of milling, and the currently preferred
method, in use at AWRE is fluid-energy milling. The milling takes place by
collision of particles of material, one with another, in the very vigorous
turbulence created inside the mill by colliding high pressure air jets.
The centrifugal motion of the air flow partially classifies the powder so
that the coarser material is retained in the milling area, thus allowing
further comminution to take place. Figure 6 is a sketch of the mill;
Figure 7 shows the two 300 rom mills installed at AWRE.
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The milling is carried out with an aqueous slurry of the
explosive and a considerable proportion of the energy input is used in
moving water around. For use with TATE, a small fluid-energy mill has
been installed which is being fitted up for use with dry powder. This is
shown in Figure 8.

The product of this type of milling is unimodal.

Precipi tat ion

Precipitation of explosives from solution in a variety of
solvents by feeding the solution into stirred water is a recognised proce
dure for producing materials with closely tailored cha.racteristics.

At AWRE this form of precipitation has been combined with
fluid-energy milling to produce very fine and very pure powders.

P8TN with a surface area of about 3 m2/g has been produced by
this method.

SAFETY CONSIDERATIONS

Sources of Hazard in Comminution

There are several sources of hazard in our methods of
comminution ie.

(a) impact

(b) friction

(c) viscous heating

(d) electrostatic discharge (dry powders and fuel/air mixture
ignition) •

The response to these stimuli are influenced by -

(a) the particle size of the explosive

(b) the concentration of the slurry, dust cloud, or solvent

( c) the nature of the explosive.

The over-riding objective when any explosive process is intro
duced is to eliminate, if possible, the sources of hazard, but, if this
cannot be achieved to reduce the hazard to the minimum. This has been done
with the comminution processes used at AWRE and the following paragraphs
discuss individual areaS of operation.
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Slurry Pumping

There are two ~lurry pumpin'?; circuits installed in our millin,,;
buildin,e;:

(a) A 25 mm diameter circuit pumped by an orbit~( lobe
pump for use when preparing 1 - 10 kg quantities of
product usin~ the fluid-energy mill. The circuit
is shown diagramatica11y in ~'i.~lt'e 9.

(b) A 50 mm diameter circuit pumped by one or two
(depending on the process) centrifugal pumps
delivering 35 - 40 imperial gallons per minute
against zero head. This circuit is used when
preparing large quantities of product using the
fluid-energy mill, colloid mill or by slurry milling.
The circuit is shown diagramatically in Figure 10.

The orbital lobe pump Nas chosen for the 25 mm circuit because
of its inherently safe design. The body of the pump is rubber and the
lobe is rubber coated. This design avoids any metRl to m friction in the
pump.

The centrifugal pumps on the largBr circuit have been modified
Ivi th an AHRi~ desi~ed gland lubrication system that prevents inP,I'ess of
slurry into the gland from the pump. Figure 11 is a di3gram of the system.

The gland was modified by having a PTF8 bush with a helical
r,roove fitted and the pump body was tapped in two places to communicate
wi th this bush. An additional tapping into the pump body communica,tes
directly with the pumping chamber. A filtered water flow is supplied
through a flow controller to the bush. The downstream side of the water
flow is connected to a pressure relief valve; the pump chamber is
connected to the same valve. The water flowing around the gland is
drained through the pressure relief valve whilst the pressure of the water
flow is greater than the pressure being generated in the pump chamber. If
the pressure in the pump chamber exceeds that in the bush the pressure
release valve closes and the water flow in the gland flushes into the pump
body, so preventing ingrBss of solids into the gland.

Although the centrifugal pumps have a good safety record at
AWRB, it is recognised that there is a slight risk involved in their use.
It has therefore been decided to replace them with an inherently safer
design of pump, probably of the diaphragm type.

Slurry Circuits

When the major pieces of milling equipment were installed in
the late 1950's experiments were carried out to find the concentration
threshold of the propagation of detonation for slurries of HMX in water
confined in 50 mm diameter stainless steel tube. It was found that, for
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both suspended slurries and settled slurries in horizontal tube, detonation
would not propagate at 30 per cent solids concentration when boosted by a
25 mm diameter, x 25 mm long cylinder of Comp B.

Guided by these results, the upper concentration limit for
slurries of HMX and RDX permitted in the AWRE plant is 25 per cent. PETN
has only been milled at low concentration.« 10 per cent).

More recent studies by Petrino et al (1) using gelled slurries
have shown that detonations can be obtained in 30 per cent HMX slurries,
but have confirmed that detonation will not propagate in 25 per cent m~
slurry. However, they obtained detonations in settled 5 per cent HMX
slurry. They recommend that HMX slurries should not be allowed to sediment.

The approval that was given to work at 25 per cent HMX slurry
concentration at AWRE, waS conditional on

(a) the pipe work being "clear plastic to enable points
of sedimentation to be identified and cleared;

(b) each pipe run having a vertical section in the plant
room to provide a break in any sedimented train of
explosive and so prevent'propagation of any ignition
to the slur~ preparation room.

Before and after each run using the fluid-energy mill or the
colloid mill the slurry systems are flushed well with water to minimise
sedimentation.

Colloid Mill

The major source of hazard with this type of mill is feeding
dry material to the mill on start up, ego between periods of use, slurry
sedimenting and d~ing out; or failure during a milling run of the slurry
pump leading to the loss of liquid feed to the mill.

These situations are gUarded against by having the mill fitted
with an independent, gravity fed, supply of water that is used to flush the
mill before and after use; it is also capable ,of being switched in and out
during a milling run.

Electrostatic Hazards

All fixed equipment and all other equipment above approximately
I cubic foot volume is bonded to the earth bond of the building. This will
prevent the build up of electrostatic charge of sufficient energy to ignite
dusts of the explosives in use at AWRE.

When flammable solvents are in use a high level of ventilation
is maintained to prevent the build up of SOlvent/air mixtures of ignitable
proportions.

870



Viscous Heating

.",' .--_. ".- .. _'...

This is more of a nuisance than a hazard. When slurry milling
or producing fine powders by the continuous recirculation of product to
either the colloid mill or the fluid energy mill, the energy deposited in
the slurry from the pumps appears as heat and consequently the slurry warms
up. To remove this heat, which would soften the plastic pipes of the
circulation system, the slurry is passed through a water cooled heat
exchanger.

CONCLUSIONS

The explosives comminution operations- at AWRE are run in as
safe a manner as can be devised. The equipment and methods of operation
are regularly reviewed to determine whether improvements can be made.
However, the probability of an explosive event, although low, is greater
than would allow the equipment to be run under close oontrol.

_This paper has presented the reasons for that conclusion and
the steps that have been taken to minimise the_likelihood of an explosive
event.

REFERENCE

1. - Petino a, Westover D, Scola R :
Detonation Propagation Tests on Aqueous Slurries of RDX
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Figure5 Colloid mill
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Figure 7 Fluid-energy mills

878



879

E
>
til....
Q)

c::
Q)

•
1J

:J

ltl

E
en
<Xl
lI)...
:J
til

~



-,
-

D
E

M
IN

W
A

TE
R

S
E

C
O

N
D

A
R

Y
cY

C
L

O
N

E

r"
)I

I
M

IC
R

O
N

IZ
'E

R
'

I ... I I I

M
IC

R
O

N
IZ

E
R

R
O

O
M

I

~-
--
--
~ ... I I

C
O

M
P

R
E

S
S

E
D

A
IR

r


I t I

----
* !

I
I

I
L

--
l I

*-

S
LU

R
R

Y
P

R
E

P
A

R
A

T
IO

N
V

E
S

S
E

L

M
A

IN
P

R
O

C
E

S
S

R
O

O
M

C
O

N
TR

O
L
[>

-
~.

..
I

C
L

A
S

S
IF

IC
A

T
IO

N
V

E
S

S
E

L
I

C
C

l'J
TR

O
L
(>

--
--

--
*

..J
C

O
M

P
R

E
S

S
E

D
A

IR

co co a

P
=

W
A

T
S

O
N

-M
A

R
L

O
W

O
R

B
IT

A
L

LO
B

E
P

U
M

P

*" *TR
A

V
E

R
S

E
T

H
IC

K
N

E
S

S
15

F
E

E
T

P
O

R
T

D
IA

M
E

T
E

R
,

6
IN

C
'H

E
S

V
A

LV
E

F
IG

U
R

E
g

25
m

m
M

ill
in

g
C

irC
U

it



M
A

IN
P

R
O

C
E

S
S

R
O

O
M

C
D

C
D

t""
"

*,,'
"

TO F
IL

T
E

R

D
E

M
IN

W
A

T
E

R

W
A

TE
R

C
O

O
LE

D
H

E
A

T
E

X
C

H
A

N
G

E
R

LE
E

H
O

W
L

C
E

N
T

R
IF

U
G

A
L

P
U

M
P

S

TO F
IL

T
E

R

:"
:>,

,

-
-
-
-
-
-
-
, lC

LA
R

K
S

O
N

I
V

A
LV

E
I I r
,

I
\

J

I
I

I
,

M
IC

R
O

N
llE

R
.t..

-
I I I

A
I

I
I

L-
i I I

----
----

z {- I I
C

O
M

P
R

E
S

S
E

D
A

IR

M
IC

R
O

N
llE

R
R

O
O

M

S
E

C
O

N
D

A
R

Y
C

Y
C

LO
N

E

t·" ~- L· I. r 1 l' I l • r •, [.: , I "I ~; ~. ! L', f ~
.

!-
..

:~

F
IG

U
R

E
10

50
m

m
S

iu
rr

y
-

M
il

li
n

g
I

M
ic

ro
n

iz
in

g
C

ir
c

u
it

~
:

/
'

\



M
A

IN
S

W
A

T
E

R

TO
D

R
A

IN

F
IL

T
E

R
P

R
E

S
S

U
R

E
G

A
U

G
E

1
0

p
s

I

P
,

F
L

O
W

C
O

N
T

R
O

L
L

E
R

L
O

A
D

IN
G

S
P

R
IN

G

P
R

E
S

S
U

R
E

G
A

U
G

E

S
H

A
F

T

P 3

P
R

E
S

S
U

R
E

G
A

U
G

E

P
T

F
E

G
L

A
N

D
B

U
S

H

P
U

M
P

a
O

D
Y

0
0

0
0

N

, J,

F
IG

U
R

E
11

P
u

m
p

G
la

n
d

L
u

b
ri

c
a

ti
o

n
S

ys
te

m



. . .
. '. .

.:A ......:.... -- ~.. _ . .:. ..... _••_....:.:~ .. _.. ~ ----_.....:-'"~ ..........:....._r....:~.:.__.... ...:....,._•.:.. __ "'_.:....:_. __ ... '~ .....~ '...........~: ....... _..:....._. ~ .. ~.....:.....:~ ••~~

'--...... _--- -.. -

, ... ~ - ..... _ ....... _ .... - ~_""." ,,- _0 ...... _ •••::...-.- ,"

The studies described herein show that capacitive ~ischar

ges a~d constant potentials may ignite the combustion of

composite propellants.

The results analysis allowed SNPE to point out

criteria baspd upon percolation phenomena and specific

laws of volumic resistivity as a fUDction of temperature.

The above criteria should be able to predict, - with a ra

ther good approximation, - the behavior of some propel

lants in regard to static electricity.

~ithin the safety conditions improvement framewo~k,

SNPE has tried to ev~luate the marqins of safety in presence

of static electricity. Various measurements, performed in

the workshops, have highlighted the presence of static electri
city during some operations.

(i r 91710 - VERT-LE-PE;I'IT - FRANCE

RB3



",

Significant electric charges were observed on inhi

bitors and packings materialiit has been possible to record

the electric potential accumulated on a core during the

core pullout operation. The above potential may go up to

several thousands of volts at the end of the pullout

operation. Thus, SNPE has emplemented a large set of pre

ventive opprations which seem to be efficient such as, for
instance, the use of graphit and systematic grounding of

inhibitors. In the' field of safety, preventive operations

cannot provide an absolute warranty for any hazard.

Therefore, in the event of electric charges genera

tion, SNPE has tried to understand the behavior of propel

lants, and more particularly of composite propellants,

whith regard to electric discharges.

2.1. Presentation.

At the beginning of the study worked out by SNPE we had

at our disposal an electric spark priming test wich had been

used for a long time by most of the pyrotechnical plants which

have to characterize primer explosives in regard to static

electricity. The principle of the testing, (sketch depicted in

figure 1) consist to determine the minimum energy for which

twenty no reaction successive tests were performed. It is

understood that the application of an immediate upper energy,
would generate a reaction.

This test, involving a maximum energy of 726 "'J (1.e. a

3000 - pF capa~ity charged under a 22-KV voltage) does not

result in the ignition of solid propellants whatever may be"

their configurations : either on a chipped form or on a pellet

form similar to the dimensions of the negative electrode recess.

It should be noted, however, that propellant pellets are

sometimes perforated in their center, after a capacitive dischar

ge.
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The analysis of the first results lets us as~ume that the

ignition .of some propellants would be possible, should the

values of the followinq parameters he increased

- size of samples (masse effet)

- duration of discharge in the RC circuit (R is used
as the propellant resistance, and C as the capacity applied

to the propellant extr@.mities (time required for ignition),

- energy delivered.

In view of the above parameters, an equipment was created.
I

it is depicted in figure 2.

The propellant sample to be tested is a cylindrical

90 mm diameter grain and 100 or 200 mm long (investigation

of the constant of time impact RC = f (Ll. C). The grain was

located between two electrodes. The electrode system is a

"point-plane type" (1) to a :harp area is more intense. In order

to get an adequate contact and distribution of the electric

current, the rounded surface of the propellant grain facing

the negative circular electrode is coat~d with a silver

lacquer.

In order to investigate the influence of ambient hygro

metry, the propellant qrain was placed inside a 4.10 13Qm

volumic resistivity plexiglass chamber.

In order to measure the current accross the propellant

grain an adequate resistor following the negative electrode

was inserted into the discharge circuit. The electric equip

ment could deliver a'lS.6 Joules energy (i.e. a 34. 7-nF capa

city charged under a 30-KV voltage).

2.2. Results.-----
A lot of tests were conducted and the main results are

described here under

2.2.1. - sorre propellants react and the reaction can
take two forms

. ~~ : films taken at 2000 frames per second

show that, during ignition, cracks appe~ in tte propellant.

Through the above cracks. thick bursts of flames are generated.

Then the combustion spread out.

(1) which is very penalizing because the electric field close.
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According to the sharp noises heard, reactions are
very severe most of the time .

. Cracking: the no - ignition tests after discharge

show large cracks. These cracks, according to X-ray pictures,
were made of a large ~uantity of small ducts (approximately

5/10 th mm diameter).

Outside, the cracks appear mostly on the lateral sur

face and on the silver-coated rounded surface. The sketch

of figure] shows a cracked propellant grain.

On the other hand, it should be pointed out that

the cracking pnenomenon took place always before the

ignition phenomenon.

2.2.2. - the reaction is very casual and may happen after
successive capacitive discharges. (number of discharges is

called n). For example, a propellant grain may crack at

the 2nd and at the lOth discharge and may ignite only at

the 20th one.

However, it was observed that usually n is less than ]0.
2:2.]. - in case of no reaction the discharge current com-

plies with the Ohm's law i.e. the measured time constant almost
equals the time constant calculated in accordance with the

relation: T = RC, C is the capacity applied to extremities
of the propellant grain and R the propellant grain resistance.

Calculation of resistance R is based on the geometric

dimensions of the grain and on the volumic ~esistivity measured

by a KEITLEY-type- cell (this measurement is taken on a 90 mm

diameter and 5 mm thick propellant slice).

2.2.4. - In case of reaction, the measurements of dischar
~e currents show that cracking or ignition pnencmena appear a~

soon as the outside capacity is connected to the propellant

grain extremities .

During the ignition phenomenon, the current shifts from

o to several amperes within a few microseconds.
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After crachng the current generally becomes 1000 times

higher than measurements conducted prior to cracking.

Therefore, cracks degrade the propellant and lower 30wn the

volumic resistivity. Typical examples of discharge currents

are shown in figure 4.

2.2.5. - Parameters such as :

block length (100 to 200 mm),

presence of inhibitor,

outside hygrometry,

do not seem to have an important impact in the above tests.

2.2.6. - The casu~l nature of the results cannot allow to
estimate a minimum energy of non-reaction, for a given propel

lant.
For this type of test, it should be noted that some

propellants ignite at an 100 ~J energy level, approximately.

This energy was calculated in accordance to the equation

Q = ~ cu 2 .

2.2.7. - COlIposite propellants (tested so far), with a

volumic resistivity from 10 5 to 10° l}m, do not react to a

maximum energy of 15.6 joules.

2.2.8. ,- Composite propellants, with a volumic resistivity

. 'f 8 10 11 l' 1,'-'ranglng rom 10 to !]m, are lke y -to react to capa-

citlve discharges. In that case, the resistivity is not a
discrminative criterion in regard to sensitivity to discnar

ges.

2.3. Analysis.

In compliance with above results, a discriminatlng pro

cedure was worked out : 3 identical grains from the same com
position are submetted to 30 ( above 30 it .... as noticed that

the probability of ignltion is virtually non-existent)

15.6 Joules (i.e. a 34.7 nF capacity under 30 KV).

A composition is called sensitive to capacitive dis

charges .... hen. out of the 90 discharges. at least one crac
king phenomenon .s observed.
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3.1. Presentation.

Based on the observation that the reaction starts as

soon as the capacity is connected to the propellant grain

extremities, it is assumed that application of one voltage

step (without capacity) would be sufficient to generate

similar effects. For that reason, a second coupling Shown
in figure 5 was developped.

The cylindrical, 90 mm diameter and 100 or 200 mm long,

propellant grain, the round surfaces of which were coated
with a silver iacquer, is I?laeed, along the !fY"lletr"ic axis,

between two plane circular electrodes.

The constant I?otential was applied by 2-KV increments

every five minutes in order to verify the influence of the
joule effect.

3.2. Results.

3.2.1 ..,- Propellants ,r~acting to the capacitive discharge

test, also react as soon as a I?otential, is applied. The above

potential is called critical potential. The reactions are simi

"lar to the above ones.

3.2.2. - Conduction current, described in figure 6, com

plies whith the Ohm's law below the critical potential. Occas

sionnally, before the applied potential reaches the critical

potential level, the cur~eftt is SUbmitted to "variations".

Far most of the tests, the reaction is obtained as soon
as the modification of the voltage level is applied.

A test, for which the last Voltage level applied

was very close to the critical potential, shows a very
specific conduction current (see figure 7).
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Starting from the 12-KV level and after a one minute

period of time,pulses period of which are approximately

constant, are noticed. The period value is close to the

measured time constant of the propellant considered (~1 ,2 s).

amplitude of which exponentially increases. Each of t~ese pulses

was accompanied by a sharp snapping noise.

After a 2-minute period of time, a large crack is

observed and the current stabilized at a 3,5 mA value, i.e.

1000 times the value of the initial current.

Then again, reactions are casual and it is very diffi

cult to evaluate a propellant dielectric strength K such

that

K = Uc/L
where Uc is the critical potential and L the lengh of

the propellant grain.

3.2.3. - Some propellants ignite at very low voltage,

ar6unCl 1 KV.

3.2.4. Even during long periods of time (30 minutes) the

joule effect which may be characterized by the equation :

E = RI 2 t, does not cause any teaction.

4. hSSUMPTIONS ABOUT THE REACTION MECHANISM.

For propellant~ classified as ·sensitive to capacitive

discharges", the analysis of the facts such as, for example,

initiation of the cracking phenomenon prior to the ignition

phenomenon, let assume that the reaction mechanism is

divided into two main phases

- 1st phase: initiation of the cracking phenomenon in

connection with a critical potential Uc '

- 2nd phase: initiation of an ignition phenomenon in

connection with a critical energy Ec '

The above is explained in figure 8.
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All the facts combine to prove out that the reaction

starts inside the propellant material. The reaction start

is located in microscopic areas. As a matter of fact. if the

propellant, in its genera"! form. may be considered as an

isotropic environment, this is no longer true at the level

of various particles such as aluminum, ammonium perchlo

rate, etc.

The existence of a critical potential shows that

cracking is caused by one or several electric phenomena.

Among the well-known electric phenomena such as semt
conduction (case of the ZENER diode which becomes conduc-

tive at a given potential by avalanche effect). piezo-elec

tricity. micro-breakdo~n (between two conductive particles

separated by a dielectric) it is assumed that micro-breakdown

can be considered as the most probacle because the

two following observations are support any this hypothe~is.

- The measurements of volumic resistivity of alumi

num powder (used for propulsion) packaged in a plexiglass

tube show that, for a critical potential, the value of

resistivity shifts from 107 to 103 am. This corresponds

to a breakdown, for a number of particles. of the alumina

layer that covers pure aluminum particles on appr~ximately

40 A thickness.

- Assuming th~t the electric diagram for a propellant

grain is a dielectric with a parallel RC circuit. it can

be imagine that this grain is a complex assembly of RC

circuits and that the junction points are conductive particles

(e.g. aluminum grains).

Admitting that the breakdown between two conductive

points. results in the destruction of the dielectric

connection between these two points, and setting up arbitrary

initial conditions, it can be proved, by simulation with

electronic components or by ca~culation. that a U potential

applied to the extremit ies (see sketch shown in figurE! 9) can

produce a C;.lrrent (layout is depicted in figure 10). It
must be not~d that the above layout looks like figure-7

layout.
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5. DETERMIN~TION OF A CRITERION BASED ON RESISTIVITY

Over all the compositions tested, the volumic

resistivity measurements, from -40 to + BOaC (-40 to

+ 176°F) show that 3 different laws of resistivity may be

encountered versus temperature. The laws. shown in figure

11 are represented by one or two straight lines (1 and 2)

with different slopes and equations as follows :

.~ .. -,,~ .....- ...

Ln (f'v) E + cons tant

wh"re

KT

T = absolute temperature in K degree

-K BOLTZMANN's constant

E energy in eV.

This law is similar to semiconductors. The existence

of 2 straight lines points out a change in the type of

conduction starting from a given transitional temperature.

The values of the energies calculated from the slopes of

the straight lines range from 0 to 2 eV.

The most remarkable observation is that the compositions

which react to capacitive discharges follows a type-I law

(i.e: the proportion E,/E 2 is above') where as the composi

tions _which do not react have a type II or III-law (i.e.

the proportion E,/E2 is lower or "qual to 1).

A factorial investigation of the propellants active

constituents was carried out. A compromise between a strict

investigation of parameters and the feasibility of specific

formulations was worked out.

The results of this investigation mainly enphasize

- the aluminum particle size.

- the electric characteristics of the binders

(binder = prepolymer + miscellaneous additives).
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Since the aluminum granulometry is concerned, and for

a constant aluminum content the decrease in diameter of

aluminum particle size, (i.e: their increase in number),

results in sensitive to capaciti.ve discharges compcsitions.

The impact of the number of conductive particles was

quite naturally the next step to investigate percolation

phenomena.

Percolation, as theoretically defined, is independent

of the voltage applied and allows - (for a given conducting

and insulating particle system) -,to d~termine the critical

level of Nc/Ni ratio (Nc = number of conducting particles

and Ni = number of insulating particles) above which the

entire system is' fuliing conducting.

In the case of a composite propellant, it does not

seem possible to obtain such a level, because aluminum parti

cles are working as insulations, although conductive

inside.

In fact, the phenomenon that we have to work

with comes from theoretical percolation phenomenon and,
~ ~

therefore, a P breakdown percolation coefficient was

defined as follows

where :~
VL

binder conductivity

binder unit volume

The above coefficient covers 9 parameters.

Currently, the validation phase was conduct.d over about

fifty different formulations. It is now possible to know a
range for the critical P value: above this value, formula~

tions are sensitive to capactiive discharges, under they are

not.

However the above critical? value is not clean and

there remains an area where this criterion is uncertain.
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AS we tried to demonstrate, it looks probable that

the reaction mecanism is, first, conducted by a micro

breakdown phenomenon.

In order to understand this mecanism, a theor~tical

and fondamental study will be worked out.

Critical electrical fields between particules will be

more specially studied.

To currently carry out our safety problems, two empi

rical criteria may be used, one is based on percolation

phenomenon, the other is based on specific resistivity laws

versus temperature:

So, a propellant will be classifed as sensitive to

static electricity if the following conditions are carried

out.

rP>Pc

and ,binder content,( cr i tical content

LorIor

1-------E1 /E 2 >'

Lali.uninium content >,.critical

content

Above criteria are systematically applied during new for

mulations developpements. Propellant behaviour may be anLici

pated and may be modified if necessary so that safety cautions

are taken to prevent any risk either during conception or

carrying out of the materials.
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SUMMARY
~

1. This paper describes a recent problem where risk analysis enabled the
British Government to formulate a compromise solution which avoided costly
extreme courses of action. A major leisure centre had been built inside
the Inhabited Building Distance of a busy explosives wharf. The paper
indicates the techniques of the analysis and discusses ways to present
data on casualties and damage in order to provide policy makers with a
realistic basis for decisions.

2. Some of thp audience today will recognise in Figure 1 the former town
of Port Chicago, California which was a constraint on the explosives iimit
for the loading piers of Naval Weapons Station Concord, a primary facility
for the Armed Forces and the Military Assistance Programme. Others may
view the picture differently and recognise what for many years constituted
an ever-present threat to the lives and property of the residents of the
town. It was not a hypothetical threat. Figure 2 shows the damage to
the theatre in 1944 when a cargo ship being loaded with ammunition exploded
killing 320 people in the area and causing ~ 12 million damage to property.
A solution was found when Congress, after a carp-ful study of the options in
1967, authorised ¢ 20 million to eliminate the hazards to the locality by
compulsory purchase of the town to provide a buffer zone of 2 miles radius
from the piers.

INTRODUCTION

..'~' RISK ANALYSI~ - GRASPING THE NETTLE
\

~r

R't\R Watson

Health & Safety Executive

United Kingdom

It'-
- I

\

3. This solution might not have been adopted if the town had bean as large
as that shown in Figure 3. In 1978 the Health and Safety Executive (UK)
became aware of the existence of a new leisure centre (Figure 4) within the
Inhabited Building Distance of a busy explosives wharf. There were prop
osals to develop the area into a major recreational complex (Figure 5).
The centre had received planning approval when there were no requirements
for consultation with the HSE or its predecessors. Explosives ships were
about 700 metres from the leisure centre as shown in Figure 6 which is the
view of the wharf from the cafeteria in the leisure centre.

SI~WLE BUT DRASTIC SOLUTIONS

4. Traditional concepts of explosives safety embodied in Quantity
Distance tables indicated two obvious solutions. Either the leisure
centre should be closed down or the explosives operations at the wharf
should cease. Neither of these courses of action was acceptable. The
community would not accept closure of its multi-million dollar showpiece
which attracted up to 45,000 people per week. Some of them worked in

Paper written for the Department of Defense Explosives Safety Seminar,
Norfolk, Virgina 25 August 1982 and also presented to Ministry of Defence
(ESTC) Seminar on Risk and Hazard Analysis in the Explosives Field,
Fort Halstead, Kent 30 September 1982.

Preceding page blank
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the explosives factory whose operations would be drastically curtailed
by closure of the wharf; and with unemployment running at nearly 20%,
the resultant loss of jobs was unacceptable. It was necessary to set
aside quantity-distance concepts and adopt a fresh approach to the
problem.

NEW WAYS OF APPRAISING EXPLOSIVES SAFETY

5. In 1969 the Explosives Storage and Transport Committee of the
Ministry of Defence and the Inspectorate of Explosives in the Home Office
reviewed the methods of determining explosives limits in British harbours.
The joint committee decided to introduce weighting factors into the
calculation to take cognizance of the different degree of risk (probability
of explosion) presented by (for example) fuzed, unshuttered ammunition
compared with unfuze~ ammunition and packages of stable high explosive.
This was the first departure from the traditional doctrine that explosives
limits must be based on the assumption that the maximum credible accident
will occur sooner or later so that consequences alone should be considered,
not the likelihood of the" postulated event in conjunction with the
consequences (overall risk).

6. There have been several papers at recent Explosives Safety Board
Seminars which have shown how risk analysis or risk appraisal may be used
to supplement traditional tables of quantity-distances. Schneider of
Switzerland and Jenssen of Norway have argued for a greater willingness
to use these techniques when the orthodox approach is too inflexible.
(Risk analysis appears to have become a respectable topic for these
seminars; the topic session includes 5 papers this week). The Health and
Safety Executive decided in 1978 to apply risk analysis to the intractable
problem o~ the explosives wharf and the leisure centre.

7. Several speakers have uttered warnings at these seminars that ,
although it is relatively simple to calculate the individual risk and the
societal risk corresponding to various courses of action, a more difficult
task lies at the interface between the safety engineers who present these
options and the administrators or politicians who are asked to decide
which option to adopt. There is understandable reluctance to endorse a
proposal which, after all reasonably practicable precautions have been
taken, acknowledges a residual but acceptably remote risk of serious
casual ties. It is this "nettle" that has to be grasped if the techniques
of risk appraisal are to be exploited fully.

ASSESSMENT OF THE POSSIBLE CONSEQUENCES OF AN EXPLOSION

8. The first part of the analysis of the wharf problem was to
predict the cost of damage to property in the vicinity and the number of
casUalties. Experience from past accidental explosions gives an
indication of what to expect. The locale is at least important as the
quantity of explosives involved. An explosion near Portsmouth, England in
1950 (Figure 7) was at an isolated jetty with no dwellings within the
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Inhabited Building Distance so the majority of claims were for broken
windows in the city. At Gibraltar (Figure 8) the sloping terrain and
dense development close to the dockyard would be expected to maximise
the consequences of an explosion but owing to the relatively small
quantity of explosives involved in an explosion there in 1950, most
serious damage was confined to the installation. The variability of
fatalities for a given quantity of explosives is illustrated in Figure
9; there is some correlation between the quantity and the fatalities
but clearly it is important to take account of the disposition of
people at the time of an explosion.

9. In order to make a realistic prediction, a large scale map of the
town was obtained and circles were drawn around the assumed centre of
the explosives wharf at intervals of 50 metres out to 2500 m. This
represented the expanding blast wave, the intensity of which could be
determined by well known techniques assuming a maximum credible
explosion of 50, 100, 200 tonnes etc of explosives of Division 1.1 (mass
risk)., Although casualties are more important than property damage, it
was convenient to start by assessing damage. The value of property in
each 50 m ring was calculated by laboriously counting the buildings of
each type on the map. For each ring, the average cost of repairs was
calculated using the combined data from World War II bombing of British

. brick dwellings and the report of the Port Chicago explosion involving
different types of construction. The costs were then integrated over
all the rings to give the total cost of damage for each assumed size of
explosion at the wharf. The total cost was not unduly large and was less
than the cost of damage to the leisure centre. In any case concern over
the likely casualties among patrons and in the town as a whole eclipsed
these materialistic considerations.

10. Next, an estimate was made of.the·likely number of casualties ~n

consequence of the calculated levels of damage to dwellings, on the
assumption afone occupant during working hours but four occupants at
night and weekends. This type of prediction was somewhat crude, being
based on statistical data from a variety of accidents, but was
nevertheless useful for making comparisons. The most difficult
prediction was the number of casualties in the leisure centre. Neither
data from brick built houses nor that from US timber frame buildings
is really relevant for a large span building of steel frame construction
with modern cladding materials and extensive areas of glazing. The
number of occupants at risk varies from a skeletonstaff in silent
hours to around 4,500 at peak hours. The number of patrons was introduced
as a parameter in the presentation of results of the analysis.

11. The assessment had reached the stage at which the ramifications of
the various options could be communicated from the safety engineers to
the administrators. Figure 10 shows how the expected number of
fatalities increases with the explosives limit and with the number of
patrons who happened to be present at the moment of the postulated explosion.
Consideration of this data led to the conclusion that some administrative
arrangement should be sought to ensure that large quantities of explosives
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would never be handled on the wharf or ships while the leisure centre was
operating near its peak, and vice versa. Despite the practical
difficulties of operating such an arrangement, it has been put into effect
by.the mutual collaboration of the authorities backed up by the powers of
the Health and Safety at Work etc Act 1974. The relationships in Figure
10;were used to determine practical guidelines for the numbers of occupants
to be permitted at different times of day, night and weekends. This should
ensure that the chances of the worst credible accident occurring were
sufficiently remote to be acceptable.

ASSESSMENT OF THE LIKELIHOOD OF AN EXPLOSION

12. The statement that a certain number of casualties would be tolerable
raises many questions which are familiar to those involved in risk analysis.
"Tolerable to whom?" asks the local resident. Curiously in this case there
was no local pressure group demanding a reduction in hazards. Explosives
had been made and shipped through the area for over a century; many res-

. idents were economically involved in the trade or had relatives who had
benefited from it. In this situation it is a function of government to
judge whether risks, which people are prepared to accept based on their
own perception of the risks, should be permitted to continue or whether,
in the light of specialist knowledge not available to those at risk, there
should be change. A recurring problem in a democracy with high technology
is how and to what extent government should make available to the public
the plethora of information necessary to make well informed judgements.
Paternalistic government may be resented; on the other hand it is very
difficult for scientists and engineers to communicate highly technical
information about risks and casualties in a form which is both neutral
and unlikely to be misinterpreted. Should the people at risk have the same
opportunities as the administrators and politicians to say whether the risks
are acceptable? If so, would they grasp the nettle?

13. In the present case the government and its officials tried to steer
a middle course. In order that the government could judge what numbers of
patrons could be permitted in the leisure centre and what explosives limit
should be assigned to the wharf, it was necessary to estimate the likelihood
of an explosion involving simultaneously 50 or 100 or 200 tonnes etc of
high explosives. This phase of the analysis involved the development of
the usual fault tree, to ascertain what events could lead to the explosion
and to assign probabilities to each factor. It also necessitated assessment
of loading operations at the wharf to determine the likelihood that an
explosion would involve only a small quantity of explosives (say one
package or pallet) or an intermediate quantity (a rail vehicle full) or
the whole of the explosives on the wharf and in the shipes) just at the
time that this quantity was at its peak.

14.~, figure 11 is a much simplified indication of the factors which were
taken into account. More or less subjective values of probability were
assigned to the factors, using historical data or experimental results to
check them wherever possible. Items like the risk of a spectacular
suicide were very difficult to assess. The analysis was comprehensive and
therefore much too expensive to adopt as a technique for tackling routine
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problems with explosive quantity-distances. It was a collaborative effort,
with the company concerned conducting the detailed analysis while government
officials prescribed the guidelines for the study and monitored progress.

15. Many useful lessons were learnt from this study. A number of
improvements were identified which would reduce the risks considerably.
The explosives industry has always tried to design fail-safe features into
its operations, as shown in Figure 12. This is not, as you might think at
first sight, a Scotsman tending his moonshine on a grand scale. It is an
early fail-safe monitoring device for nitroglycerine production. The
worker is carefully watching the temperature to make sure it does not rise
excessively; if he should fall asleep during this monotonous task, his
one-legged stool would make sure he woke up again.

16. The analysis identified those factors which contributed most to the
possibility of explosion of a ship. These included impact of packages of
explosives during manhandling operations at the wharf; friction-initiated
explosion of split powder explosives during loading/unloading; and fires
started aboard the ship which spread to the explosives. The introduction
of palletised loading, or better still freight containers with appropriate
lifting equipment, would reduce the first two risks considerably but such
changes could riot be brought about quickly. On the other hand fire
prevention measures, already at a high standard, could be further improved
qUickly. This involved some inconvenience, such as the banning of fires
in the ship's galley, and additional effort such as the institution of a
fire risk survey before loading operations commenced to remove potential
fire risks like paints, solvents, rags which usually abound on board ships.
It may be remarked that the intuition of any good safety officer might
have led to similar observations but the risk analysis quantified the risks
attaching to these factors and so highlighted those deserving most
attention. The analysis also showed up a number of factors which were
less obvious.

PRESENTATION OF THE RESULTS

11. After all the recommendations for improvements had been made, and .the
administrative arrangements had been worked out to restrict activities at
both the leisure centre and the wharf so that they might co-exist, the
crucial question remained: "Was the residual risk tolerable?" It should be
emphasised that we were dealing with a fait accompli. Unquestionably the
risk would not have been tolerated in the case of a proposal for a new
project to build, such a leisure centre so close an explosives wharf. Risk
analysis begins only when quantity-distances fail to deal with a situation.

18. An earlier study on a much larger scale had been. completed by the
Health and Safety Executive and had been openly published in the report
"Canvey: an investigation of potential hazards from operations in the
Canvey Island/Thurrock area" (June 1918). Figure 13 shows the societal
risk at the explosives wharf and that of a particular installation in the
Canvey complex, before and" after certain improvements. One could devote a
seminar to the caption for the shaded zone at the bottom of the graph. Is
any particular value of risk generally deemed to be "negligible" or should
the value vary with the magnitude of the consequences?
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19. Comparisons can be misleading. The word "fatalities" is sometimes
used to include seriously injured people rather than deaths. The hazard
from high explosives at a fixed site is different in character from explosive
or toxic gas clouds which drift dovmwind and can therefore affect much greater
number£ of people. The ~apita1 investments in facilities may be quite different
and so may the shift of resources required to effect a significant reduction of
risk. Despite all the5e reservations, this comparison was instrumental in
resolving the pr~blem without recourse to either of the costly extreme courses
of action mentioned earlier.

20. The press devised some emotive headlines (Figure 14\ but the general
reaction of the public and local organisations seemed to be that the
government had got it about right. The compromise solution was not strongly
opposed by anyone.

LOOKING TO THE FUTURE - AND THE PAST

21. In conclusion, risk analysis served well in this instance. It will
not usurp the role of traditional explosives quantity-distances criteria
because it is much too time consuming, if done properly. Its function
will be to provide the means to explore and evaluate other courses of
action, and particularly to rank them to help decide the most cost
effective option, when the traditional rules cannot be observed for
some compelling reason.

22. In the case of this wharf, the analysis highlighted the potential
advantages of unitised loading of explosives (Figure 15). Incidentally,
this could be a tricky operation at an anchorage which is sometimes
required in other harbours because of strict observance of quantity
distance concepts at berths. It could be even more tricky in the case of
a freight container at an anchorage (Figure 16) unless loading is
restricted to reasonably calm seas and winds. The ideal would be the
use of freight containers at dedicated container berths but Harbour
Masters are reluctant to risk their valuable installations for goods of
Division 1.1.

23. Life was much simpler 100 years ago. Figure 17 shows how explosives
used to be loaded near this troublesome wharf. One simply carried a
package down the beach, paddled to a rowing boat, and rowed out to
the ship. Not only was the operation safe, it was secure thanks to the
ubiquitous British policeman.

* * *
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SCOTCH PRODUCTION METHODS HAVE BEEN
CONSTANTLY IMPROVED FOR GENERATIONS
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FIG 16 TRANSHIPMENT OF EXPLOSIVES IN A FREIGHT
CONTAINER
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THE LOW PROBABILITY OF ACCIDENTAL EXPLOSIONS:
ISN'T IT WORTH ACENT IN EXPLOSIVES SAFETY?

by

~..
;:t>
~

-~

o ABSTRACT

O~
. In recent years, the problems in complying with well-known safety-distance regu-
~ lations for ammunition and explosives storages steadily increased in Switzerland.
~ As a reaction, the concept of quantitative risk assessment was developed to guar
-=s: antee the safety of such storages. This concept allows to take into account both

the probability of an explosion and its consequences.

It is shown that the safety-distance concept was originally developed as a reac
tion to the numerous large explosions which occurred around the turn of the cen
tury. Since that time the-conditions have changed. Today, such explosions are
rare events. Therefore, it is proposed to modify the safety-distance concept by
introducing the low probability as main guarantor of safety. Necessary steps to
promote this change include: demonstration that the probability is actually low,
investigation into the reasons why it is low, and development of a model to take
into account both probabilities and consequences of accidental explosions. The
Swiss experiences with such a concept have shown that problems with storage fa
cilities not complying with safety-distance regulatio~s can often be solved ef
ficiently and economically.

Paper presented to

Twentieth Explosives Safety Seminar, 24 - 26 August 1982
The Omni Hotel, Norfolk, Virginia, USA
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ORIGIN OF THE QUANTITY-DISTANCE TABLES

Around the turn of the century, a large number of storage magazines, primarily

of the commercial explosives industry, exploded. The famous "History of Exp1o-

sions" compi 1ed by Ralph Assheton 1) te 11 s us that duri ng the peri od between

1875 and 1925 large and disastrous explosions involving up to 100 tons of exp1o-

, sives and causing up to 10 fatalities occurred at an average rate of one per

year. At the same time, an even larger number of small and less damaging

explosions took place (Figure 1).

The reaction of the public to these accidents was, at that time, clear and

'straightforward: storage of explosives is an extremely dangerous activity. There

fore, we demand that the consequences in case of an explosion be kept as low as

possible.

Based on this attitude and on damage records collected during those years, the

famous "American Table of Distances" was elaborated by a group of experts of the

explosives industry in 1909. This was the first recognized regulation in the

United States which specified safe distances for explosives magazines. It was

based on the assumption that beyond the specified safe distances damage to per

sons and structures should be minimal (Figure 2).

Though use of the American Table of Distances was primarily intended for the com-

mercial explosives industry, it was adapted by the US Government for the ammuni

tions storage following a series of spectacular explosions in such magazines.

Since then, minor changes and refinements of the quantity-distance relationship

were made on various occasions, but the basic philosophy of the original American

Table of Distances remained unchanged up to this day: the consequences in case

of an explosion must be kept low.

Whereas the philosophy remained the same, a distinct change of entirely different

nature can be observed: the frequency of large explosions in storage magazines

I) Ralph Assheton:
",'":.

"History of Explosions on which the American Table of
Distances was Based". Published under the direction of
the Institute of Makers of Explosives, Charles Story
Press Co., Wilmington, Delaware, 1930
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with potentially serious consequences continuously dropped to a level where large

explosions in storages can be considered rare events. This decrease can be at

tributed to a number of factors. first of all to more rigorous safety rules for

the handling and storage. and to better quality and control of explosives and am

munition. A look at probable causes of some of the explosions which happened at

the beginning of this century clearly demonstrates how drastically things have

changed in the meantime (see Figure 3).

There is no doubt that today's storage and handling conditions and the improved

quality of explosives and ammunition are not comparable to those prevailing at

the time when the American Table of Distances was created. Today, we find our

selves in the situation that we apply rules to modern explosives and ammunition
I

which were developed at a time, when the expLosives industry was in its infancy.

Isn't this reason enough for reconsidering the phiLosophy of strictly limited

consequences and for taking into account the numerous efforts in reducing the

frequency of expLosions?

In the present concept of quantity-distance relationships. efforts to reduce the

probability do not payoff. They are. so to speak. treated as additional hidden

reserves. Nobody has to fear the blame of having done too little for safety with

this concept. But the day might come when we will be blamed for having done too

much and for having wasted money which could have saved more lives in other po

tentially hazardous activities of our society.

The problem finally boils down to the simple question whether we can afford to

limit both. probabilities and consequences. to a low level at the same time. This

is not to say that the present concept should be abandoned immediately and every

where. But when actual difficulties arise in complying with safety distances dur

ing the operation of eXlsting magazines or in connection with the location of new

magazines. the present concept has to be questioned.

It is this situation which has come up in Switzerland in the last ten to twenty

years because of its densely populated areas. Practical problems have forced us

to explore new ways of guaranteeing the safety of ammunition magazines. In a

first step. the concept of safety distances was replaced by the concept of quan

titative risk assessment. on which we reported in former papers to this semi-
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nar I). Such risk assessments basically allow to take into account both, the pro

bability of explosions and their consequences. Since the limitation of the conse

quences, which was of primary concern at the beginning of the era of risk assess

ment, became increasingly difficult in practice, a comprehensive investigation

into the probability part has been initiated. This paper summarizes some of the

experiences and results obtained so far.

THE CONCEPT OF THE PARTNERSHIP OF PROBABILITY AND CONSEQUENCES

When exploring wayi to guarantee the safety of different potentially hazardous

activities in our society,. we can notice marked divergencies:

As an example, the safety .oflarge dams or of airplanes is mainly based on

the low probability of accidents. Nobody would dare to require safety dis~

tances for dams or beneath air-routes. Airplane passengers can only rely on

a .low probability. And there are many other activities in our society where

the low probability is an accepted guarantor of safety.

Even in the explosives industry, we can observe different ways of warranting

safety:

In the production of ignitors, for instance, events might be very frequent,

but their consequences are kept negligible. The machine might not even stop

the production.

In the short-time intermediate storage of large production batches, on the

other hand, we might completely rely on the small probability of an acci

dent, though we know that the consequences could be disastrous. The same

is true for the transportation of explosives on the road.

I) See Papers by Th. Schneider in the Proceedings of the 17th, 18th and 19th
DDESB Seminars
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These examples lead us to two conclusions:

1. There are marked differences in the way safety is guaranteed for various

hazardous activities in our society. Whether we rely on low probabilities or

low consequences is a matter of technical possibilities, practicability and,

last but not least, tradition. However, it is hardly ever explicitely stated

why the one or the other concept is used.

2. Relying on a small probability is neither an immoral nor an evil thing. In

stead, in our society, it is considered an equal partner to the low conse

quence concept. Though we can observe a strong tendency to reduce safety

problems to either a probability case or a consequence case in practice, the

equaL partnership of probabiLity and consequence is genepa~~y accepted.

In conclusion, it can be stated at this point that recognlzlng this partnership

of probability and consequences can be a way of getting away from the pure conse

quence thinking in explosives safety and throwing off the burden of unfavorable

historical accident records.

APPLYING THE PARTNERSHIP IN AMMUNITION STORAGE

The reason for the application of the consequence concept in the safety of ammu

nition storages is merely traditional. There is many an argument for reconsider

ing this traditional concept:

The probability Of,a large explosion in ammunition storages lies in the same

order of magnitude as the break of a major dam, for instance (Figure 4).

There are large differenc;es in the probabilities of explosions between in

dividual magazines. A storage full of shells filled with TNT and removed fuses

is less probable in going off than a magazine with the same amount of highly

sensitive explosives (Figure 5).
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A difference of a probability factor of 10 or more between two magazines

could result in a reduction of safety distances of 1/3 or more, if the same

safety level for individual, exposed persons were maintained.

However convincing these arguments may be, the most effective promotors of the

concept of equal partnership of probability and consequence are acute problems

and the necessity of solving them.

The increasing urbanization in Switzerland made it more and more difficult and

impossible to meet quantity-distance requirements and to reduce the consequences

calculated in quantitative risk assessments to tolerable levels. As a reaction to

this situation, a comprehensive_investigation is presently performed to guarantee

the safety of particularly critical magazines, primarily on the basis of small

probabilities. The goal of this investigation is to develop a rational and trans

parent model for the partnership of probabilities and consequences.

In order to proceed in this new direction, three major areas of investigation

were identified:

We need to show how Large or smaLL the probabiLity of expLosions is in reaLity.

We need a statistical analysis, based on accident records and cor~esponding

reference data such as number of operated magazines, total amount of stored

ammunition, etc.

We need to show why the probabiLity is Low, how it was decreased and how we

can decrease it further. We need a model for assessing the effectiveness of

safety measures acting on the probability side.

We need to show on which rationaLe a reduction of the probabiLity is set off

against a reduction of the consequences. We need a model which links proba

bility and consequence to something like a tolerable safety level.

Though much work still has to be done in this investigation, some of the prelimi

nary results can be mentioned:

Based on the fact that not a single explosion occurred in our country since

1950, the average probability of an explosion in a storage magazine is esti-
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mated to lie somewhere around 10-5 per year and magazine.

The di'fference between the "best" and the "worst" magazine can be as large as

a factor of 100 or more.

These differences are primarily due to type and sensitivity of the ammunition

stored in a particular magazine, and type and equipment of the magazine.

Based on an investigation into the causes and the development of possible ex

plosions, the following safety measures contribute most significantly to low

probabilities:

Generally safe ammunition produced today

Continuous quality control during manufacturing and storage of explosives

and ammunition

Rigorous safety rules for the personnel involved in the storage

Early warning devices and fire protection

Rigorous security protection

The rationale on which we set off probabilities against consequences is the model

of quantitative risk assessment. This model allows an easy numerical considera

tion of both quantities.

As a result of the work performed so far, buildings erected in the immediate vi

cinity of storage magazines could be tolerated in individual cases, because spe

cial and individually determined safety measures were taken to keep the probabi

lity at extremely low levels.

SUMMARY AND CONCLUSION

It is known experience that traditions are not easily given up. The application

of quantity-distance relationships in the safety of ammunition magazines has its

roots in a tradition going back to the turn of the century. It's an equally known

experience that traditions are only given up when actual problems force to do so.

In Switzerland, this situation has come up, and new ways have been sought to gua-
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rantee safety. The features of this new method are as follows:

The quantity-distance concept or the concept of limited consequences of acci

dental explosions was developed under the impression of the unfavorable acci

dent records at the beginning of this century. Today's situation in ammunition

storage is so markedly different and better that the low probability of large

e~plosions must be taken into account.

As safety concepts in other hazardous activities of our society show, pro

bability and consequences are considered and generally accepted as equal part

ners in the safety business.

The Swiss safety concept for ammunition storages is based on the partnership

of probability and consequences. it concludes the demonstration that probabi

lities are indeed low, why they are low and the rationale of the model of

quantitative risk assessment for setting off probabilities against consequen

ces.

This new way has offered solutions for the economic operation of existing stor

age facilities, which otherwise would have needed safety waivers, or which were

about to be given up.
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NUMBER OF LARGE EXPLOSIONS

OF STORAGE MAGAZINES

AROUND THE TURN OF THE CENTURY
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THE SAFETY DISTANCE CONCEPT

Figure 2

934

-- --.. ~,-.-...,-;---~------- :':-'......-.-:,.'--;-----._-:~_._-- --- ~ ----~-- - "'-'----,----' ...-.~ ~ -, -...._--_._-"--....,......--~.,.,-- .... -- ... ."..-~ ......-~- .. ,-



_, .' •__ • :_,."~~_,,,,, .-'>~".~"':'-"""".~ "'.'_-"'_. • ~_~~- ....~_~~__ l,_L""';":""':"". ....--: ...... _ ......._~ .__ ~ .... _ •••,... .._..._ ...... J ... ,"._- ...... __ .L •••~." ~- ,.>.-.' .": • .'.

THE CAUSE OF EXPLOSIONS

AROUND THE TURN OF THE CENTURY

( Taken from the "History of Explosions" by R. Assheton )

•_the accident may have happened through the carelessness of the

soldiers as the most elementary rules of safety were violated:

•_an agent sent some years before ( the explosion ) to destroy some

old dynamite in the magazine ,so old that it was in a dangerous condition,

said that he found difficulty in persuading the officer n charge to throw

away his cigarette at the door of the powder room. He also said that the

floor was a quarter of an inch thick in loose black powder and only by

refusing to enter could he induce the officer to remove his naBed soled

shoes:

•_the storekeeper _ said that a carpenter was repairing ( leaking)

powder boxes at the time ( of the explosion ) and he thought that driving

nails in the fids set the powder off:

•-spontaneous decomposition _ is thought to have been the cause

of the explosion:

Figure 3
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